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PREFACE 


Btoskn is reported to have said, “ Ein Cliemiker, der kein 
Physiker ist, ist gar nichts.” (A chemist, who is no physicist, is 
almost valueless.) If this were true sixty years ago, it is even more 
true to-day. The co-ordination of physics and chemistry, of which 
Ostwald laid the foundation, now forms the basis upon which 
chemistry is built. No one can study chemistry with profit unless 
he has a knowledge of those physical methods which have raised 
the subject from being a mere collection of facts to a science with a 
rational basis. 

This book sets out to give an up-to-date outline of the results 
and methods of Physical Chemistry. Whilst it is not intended to 
be merely a <f cram-book ” for examinations, the standard to which 
it takes the subject is conveniently stated in terms of examinations. 
The book is suitable for students who are preparing for the Higher 
School Certificate and Intermediate Science Examinations of the 
various Universities, for University Scholarships, and for University 
Degrees up to Pass standard. It- is realised that the first of these 
classes will not need to read the whole of the book, and accordingly 
a list of the paragraphs required for the Higher School Certificate is 
given. The wise teacher will use this as it is intended — merely as a 
recommendation. There is no need to emphasise the value of using 
one text-book for all the examinations enumerated above. The 
student gets to know the book, and can easily turn up any par- 
ticular topic. This does not, of course, imply that the student 
should not augment his knowledge by reading some of the many 
monographs on various aspects of the subject ; indeed, it is hoped 
that the reading of this book will stimulate him to read more 
widely, and to this end a list of books which are recommended for 
further reading is appended to each chapter. 

Many students who take Chemistry in the various Public and 
University Examinations find this branch of the subject difficult 
because of their lack of knowledge of Physics. They are mainly 
those who take Chemistry, Botany and Zoology, and have left 
their Physics at the matriculation stage. For them this book is 
specially suited, as pains have been taken to make the Physics 
and Mathematics as simple as possible. Where any physical concept 
is introduced which is not likely to have been met with by a student 
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of this standard, it fs fully explained. This may have entailed the 
use of some space, but such treatment is justified by the needs of a 
large class of students. The mathematics used is of the simplest 
consistent with the subject being an exact science. 

Physical Chemistry naturally begins with the study of the atom. 
In this matter both Physics and Chemistry are on common ground : 
but so frequently does the chemist look upon this work as pure 
Physics, that the student must needs go to a text-book of Physics 
to learn about it. This necessity has been obviated in this book by 
commencing with an account of the methods used in deciding the 
structure of the atom. The knowledge thus gained is applied to the 
study of chemical combination by the electronic theory of valency. 
This is one of the most outstanding advances in Physical Chemistry 
of recent years, and has already brought about great changes in the 
presentation of the facts of Inorganic Chemistry. 

All the topics usually dealt with under the heading of Physical 
Chemistry will be found in this book. It has been made as up to 
date as possible by the inclusion of recent work on the theory of 
complete dissociation, the hydrogen isotope, the physical deter- 
mination of atomic weights, the extended theory of acids and bases, 
atomic transmutation, the neutron and positive electron, and other 
topics. A chapter on Photochemistry is included, and it is hoped 
that this brief account will be of ilse to students, as few books of 
this standard mention the subject. Finally, the methods employed 
in determining the structure of comparatively simple molecules 
are outlined. This advance in Physical Chemistry is the logical 
successor to the unravelling of the structure of the atom, and 
deserves a chapter in a book of this nature. 

Summaries are apj>ended to the chapters in the hope that they 
will assist in revision, for those readers who have to be examined in 
the subject. Many cross-references in the text enable any par- 
ticular subject to be quickly traced. A selection of examples is also 
given. Some of these are descriptive, others are calculations, based, 
for the most part, on research work described in the various scientific 
journals. 

The book is not intended to be a text-book of Practical Physical 
Chemistry, but, for the sake of completeness, suggestions for prac- 
tical work are made at the end of each chapter, and brief outlines 
for conducting the experiments are given. Greater detail will be 
found in the text-books devoted to this branch, such as Findlay’s 
Practical Physical Chemistry (Longmans), Fajans and Wust’s 
Practical Physical Chemistry , translated by Topley (Methuen), and 
Sherwood Taylor’s Elementary Practical Physical Chemistry (Oxford 
University Press), to quote a few. 
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I most gratefully acknowledge the help of the many sources I 
have used in the preparation of this book. It is impossible to men- 
tion all of them, as every book on the subject that I have read has 
left its impression upon my memory. All the books mentioned at 
the end of each chapter have been consulted. I must, however, 
mention thte following, which have been particularly useful. Dr. J. 
Newton Friend’s Text-book of Physical Chemistry , Volume I. 
(Griffin), has been frequently consulted on the properties of liquids, 
and other points, and has provided me with a considerable amount 
of data for the compilation of some of the tables. A Treatise on 
Physical Chemistry (Macmillan), edited by R. 8 . Taylor, has proved 
very useful on a great variety of topics. J. W. Mellor’s Compre- 
hensive Treatise on Inorganic Chemistry , Volume I. (Longmans), was 
consulted in connection with Chapter I., and particularly on the 
history of the liquefaction of gases. Professor 8. Sugden’s The 
Parachor and Valency (Routledge) gave me considerable help on 
the subject of atomic spectra, and many of the figures used in the 
tables of Chapter III. have been derived from this source. It also 
provided me with the greater part of my information on the 
Parachor, and the theory of singlet linkages. Professor N. V. 
Sidgwiek’s books, The Electronic Theory of Valency (Oxford) and 
The Covalent Link in Chemistry (Cornell University Press), have 
been most valuable in connection with Chapters IV. and XX. 
respectively. These books should be known by every student of 
Chemistry. Dr. Eggert’s Lehrbuch der Physikalischcn Cheinie , 
which has now been translated by Dr. 8. J. Gregg (Constable), has 
proved of very great value on many points, and particularly on 
Photochemistry. I have adopted Dr. Eggert’s method of dealing 
with this subject in Chapter XIX. The Annual Reports of the 
Progress of Chemistry issued by the Chemical Society have been 
used freely. The books on Practical Physical Chemistry mentioned 
on the previous page have been used in connection with the experi- 
ments described at the ends of the chapters. 

The following have kindly given their permission to reproduce 
diagrams, tables, etc. : — 

Professor E. K. Rideal and the Chemical Society, for Plate V., 
from the Annual Reports of the Progress of Chemistry , 1931, 

p. 322. 

Professor N. V. Sidgwick and the Cornell University Press, for 
Tables CIIL, CIV., CXXII., CXXIII., from The Covalent Link 
in Chemistry. 

Messrs. Routledge & Sons Ltd., for the use of data from Professor 
S. Sugden’s The Parachor and Valency employed in Tables XV.- 
XX, and XXX. 
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Messrs. Macmillan & Co., for Fig. 45, adapted from Fig. 11 of H. S. 

Taylor’s Treatise on Physical Chemistry , p. 1093. 

Messrs. Baird and Tatlock (London) Ltd., for Fig. 161. 

Messrs. Adam Hilger Ltd., for Plates I., III. and IV. 

The Syndics of the Cambridge University Press for the use of the 
question from the Scholarship Examination Paper of St. 
Catherine’s College, Cambridge, reproduced on p. 498. 

Messrs. Edward Arnold & Co., for Fig. 38, from Aston’s Mass 
Spectra and Isotopes ; for the use of data, on pp. 240 and 241, 
from Prof. J. B. Cohen’s Organic Chemistry for Advanced 
Students, Vol. II. ; and for Figs 86 and 202, based on Figs. 8 
and 13 respectively of Dr. E. S. Hedges’ Chapters in Modem 
Inorganic and Theoretical Chemistry. 

Dr. P. M. S. Blackett, Messrs. G. Bell and Sons, for Plate IL, from 
Andrade’s Structure of the Atom, and Fig. 44 from the same 
source. 

Messrs. Longmans, Green & Co. Ltd., for Table LVII., from Findlay’s 
The Phase Rule and its Applications . 

Messrs. D. Van Nostrand, for Fig. 173, from H. S. Taylor’s Treatise 
on Physical Chemistry . 

The Chemical Society for the Table of International Atomic Weights 
(1934), given on p. 754, and the data for several other tables 
taken from the Journal of the. Chemical Society . 

Dr. J. Newton Friend and Messrs. Charles Griffin & Co. Ltd., for 
the use of data on pp. 259 and 260, and Table LXVIIL, from 
Dr. Friend’s Text-book of Physical Chemistry, Volume I. 

The publishers have allowed me to use certain blocks of illustra- 
tions appearing in other of their books. 

I must tender my most sincere thanks to my Publisher’s Science 
Editor, who kindly read the work in the manuscript stage, and 
pointed out numerous improvements. Without his help the book 
would have been much impoverished. He has also read the proofs, 
and supervised the preparation of the blocks . I am also very grateful 
to Dr. L. A. Woodward, who read the work in manuscript and gave 
many valuable criticisms and suggestions. I have made con- 
siderable use of the Library of the Chemical Society, and my best 
thanks are due to the Librarian, Mr. F. W. Clifford, and the Staff 
for the help they have always been ready to give. 

Finally, the Publishers have done all in their power to make the 
work entailed in the preparation of a book like this as light as 
possible for the author, and have always sought to carry out my 
wishes to the smallest detail. 


June , 1934. 


A. J. M. 



PREFACE TO THE SECOND EDITION 

The need for a further reprinting of this book has provided the 
opportunity of bringing it up-to-dato. During the last five years 
there has been a considerable advance* in our knowledge of the 
structure of the atomic nucleus, and it is now generally accepted 
that the neutron is a constituent of it. This change of view has made 
it necessary to rewrite parts of Chapter II. and to make alterations 
in various other parts of the book. The electronic theory of valency 
has also been extended during recent years and space has been found 
to mention the theory of resonance as an explana tion of the eovaloncy 
of hydrogen. 

It is hoped that the usefulness of the book has been increased by 
the inclusion of tables of logarithms. 

I take this opportunity of thanking all those who have pointed out 
errors in the first edition, and who. have offered constructive 
criticism. 


April, 1939. A. J. M. 

1 PREFACE TO THE THIRD EDITION 

Otjr knowledge of the structure of the atom, and with it that of 
the theory of valency and chemical combination, has increased so 
much within recent years that it has become necessary to extend 
and revise the portions of this book devoted to these topics. At the 
same time the remainder of the book has been corrected and brought 
up-to-date. The incorporation of this new matter has involved the 
complete resetting of large portions of the book, and the prepara- 
tion of new blocks. 

I have much pleasure in acknowledging my indebtedness to those 
readers who have written to suggest improvements. 

July, 1947. A. J. M. 

PUBLISHER’S NOTE TO THE THIRD EDITION 

To maintain uniformity with previous editions, and to avoid the long 
delay which would onsuo from renumbering the pages of the entire book, 
tho following page numbers appear : 

92a, 92b, 92c, 92d, 110a, 110b, 180a, 180b, 180c, 180d, 



A SUGGESTED COURSE FOR HIGHER 
SCHOOL CERTIFICATE EXAMINATIONS 


The course outlined below is considered to be suitable for those 
students preparing for the Higher School Certificate or Intermediate 
Science Examinations. Those who intend to enter for University 
Scholarships would be well advised to read the complete book. 

Chapter I. — § 1-13. 

Chapter II.— § 14-36, 38-40, 42. 

Chapter IV. — § 58-68. 

Chapter V. — § 69-82. 

Chapter VI.— § 83-86, 89-93, 96-104, 106-110, 113-118. 

Chapter VII.— § 120, 125, 132-139, 144, 146-147, 149, 150. 

Chapter VIII.— § 151-169. 

Chapter IX.— § 172-176. 

Chapter X.— § 179-182, 184-221. 

Chapter XI.— § 222-246. 

Chapter XII.— § 247-267. 

Chapter XIII.— § 271-289. 

Chapter XIV.— § 290-299. 

Chapter XV.— § 300-309. 

Chapter XVI. — § 312-324. The thermodynamic derivations may be 
omitted by non-mathematical students, but the results should 
be known. 

Chapter XVII.— § 327-347. 

Chapter XVIII.— § 348-357. 
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PHYSICAL CHEMISTRY 


CHAPTER I 

LAWS OF CHEMICAL COMBINATION 

1. The Law of Conservation of Matter.— This law, which is tho 
basis of all quantitative work in chemistry, was first stated by 
Lavoisier in 1774, although tho belief in its truth was current much 
earlier amongst the Greek philosophers. 

* The law states that the total amount of matter in the universe 
is unaltered, whatever changes take place in its distribution . The 
Greeks merely gave this as an opinion, or a belief ; their views were 
not founded on any experiment. Lavoisier, however, came to his 
conclusion as the result of experiment, and he stated the law in the 
words : “ Nothing can be created, and in every process there is just 
as much substance present before and after tho pro- 
cess has taken place. There is only a change in the 
form of the matter.” 

Experimental proof of the Law of Conservation 
of Matter is difficult. By many chemists the truth 
of the law was regarded as self-evident, since so 
much quantitative work had been based on it, and 
it had always turned out correct within tho limits of 
experimental error. The law was subjected to an 
exhaustive test by Landolt, whose results were pub- 
lished in 1906, and Heydweiller (1901). 

It is clear that to test the law, reactions must be carried out in 
sealed tubes so that none of the products of the reaction escape. 
Heydweiller (Ann. Physik., 1901, (IV.), 5, 394) found slight losses in 
weight when reactions were carried out under these conditions, and 
Landolt (Z. physikal. Chem ., 1906, 66, 589) set to work to discover 
to what these losses were due. The simplest form of apparatus 
employed by him was an H-tube, as shown in Fig. 1, in which the 
two reactants could be placed in either leg. On inverting the tube, 
the two substances mixed and reaction took place. If the Law of 
Conservation of Matter is valid, there should be no difference in the 
weight of the tube before and after the mixing. 

l 


run 


Fig. 1.— 
Landolt 's 
Tube. 
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Fifteen different reactions were used, amongst which were the 
following : — 

(1) Silver sulphate solution in one limb, and ferrous sulphate in 

the other ; on mixing metallic silver was deposited. 

(2) Hydriodic acid and iodic acid, which on mixing gave a 

precipitate of iodine. 

(3) Sodium sulphite and iodine, which reacted giving sodium 

iodide and sodium sulphate. 

(4) Potassium hydroxide solution and chloral hydrate, which gave 

an emulsion of chloroform. 

In carrying out an experiment, one tube was counterbalanced 
against another exactly similar tube. One tube was then inverted, 
replaced on the balance, and the change in weight noted. The 
other tube was then inverted, and replaced on the balance, and the 
change in weight found. The process was repeated several times, 
and in almost every case a diminution in weight was found. 

These losses in weight were found to be due to : (a) a slight heat 
evolution in the reaction which removed some of the moisture 
which is always present on a glass surface ; it took some time for 
this moisture to return ; (6) the heat evolution caused a slight 
expansion of the vessel, which did not regain its original volume at 
once. 

Both these effects would tend to reduce the weight or apparent 
weight of the containing vessel, giving rise to the apparent Joss in 
weight. It has been ^hown that, for gaseous reactions, a loss in 
weight may be occasioned by the permeability of the glass vessel to 
certain gases. When the surface is coated with paraffin wax, this 
effect is eliminated. 

The two effects mentioned above could be eliminated if the 
reaction vessel were allowed to stand long enough after the reaction 
had taken place, and Landolt found that when this was done the 
original weight was regained to within 1 part in 10,000,000, an 
error quite within the limits of the experiment. For these reactions, 
then, the law may be taken as valid. 

However, all the reactions studied take place quietly. There is 
no great evolution of light or heat. The difficulties encountered in 
the study of vigorous reactions, with a view to proving that the Law 
of Conservation of Matter holds for them, are so great, that it is not 
known whether they do obey the law. Our modern idea of radiation 
and matter leads to the view that they would not obey the law. 
The emission of radiation, such as light and heat, is accompanied 

E 

by a lobs of mass, which is equal to — , where E is the energy radiated 

c - 
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and c the velocity of light. The sun, which is continually radiating, 
is all the time losing part of its matter. Actually, in all chemical 
reactions, radiation of some sort is emitted, and consequently the 
law of conservation of matter can no longer be regarded as an exact 
law. In ordinary work, however, the amount of radiation emitted 
is so small 4 s to make any correction in the application of the law 
quite negligible, although in the most energetic reactions a change 
of 1 part in 10 8 might be found. 

There is little doubt that a true conservation of mass and energy, 
taken together, does exist. 

2. The Law 0 ! Constant Proportions. — Proust, as a result of his 
analyses of compounds, was able, in 1799, to make the generalisation 
that “ when combination takes place between elements , it is in definite 
proportions by weight , so that the composition of a pure chemical 
compound is independent of the method by which it is prepared ” 

This Law, which seems to us self-evident, actually proved to be 
the centre of a controversy at the beginning of the nineteenth 
century, between Proust, and the French chemist Borthollet. The 
latter believed that the composition of a compound was variable, 
and supported his view by several pieces of experimental evidence, 
all of which, as Proust was able to show, did not actually amount 
to any violation of the Jaw. Borthollet said that when lead is 
heated in air it gradually takes up oxygen, and its colour changes 
from grey, through yellow to red. There were thus a large number 
of compounds of lead and oxygen, but no definite proportion of lead 
and oxygen in them, for the colour changed insensibly from one to 
the other. Proust was able to show that actually there was a series 
of oxides of lead, each of which has a fixed and definite composition, 
and that the colour changes gradually when lead takes up oxygen 
from the air because the relative proportions of these different 
oxides are changing. 

Berthollet also stated that when mercury dissolves in nitric acid, 
it takes up the acid in various proportions continuously from a 
minimum amount, when the mercury is converted into a mercurous 
salt, to a maximum, when it gives a mercuric salt. Proust showed 
that there were only two mercury nitrates, a mercurous and a 
mercuric salt, and that the intermediate substances were merely 
mixtures of these two. 

Numerous other objections were raised by Berthollet, whose one 
aim at this time seems to have been to overthrow this Law by every 
means in his power. In every case, however, Proust was able to 
bring forward evidence in favour of the Law, although this was 
often a difficult matter. If this controversy was bitter, it did at 
le&st promote chemical investigation, and a great increase in 
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chemical knowledge was made at this time largely as a result 
of it. 

The Law has been proved within the limits of experimental error 
by the work of Stas, who prepared compounds in several different 
ways, and showed that their composition was the same to within 
1 part in 100,000. 

No error in any quantitative analysis has been traced to a failure 
ol the Law, so that, although it has not been directly verified for all 
substances, a task of such magnitude that it could not be completed, 
this indirect evidence places its accuracy, as an experimental law, 
quite beyond doubt. 

The converse of the Law of Constant Proportions is not true. If 
it is found that two compounds have the same composition by 
weight, it does not necessarily follow that they are one and the same 
substance. This is due to the existence of isomerides, i.e. y sub- 
stances possessing identity of chemical composition, yet having 
different properties. A well-known example of this is the isomerism 

/NH 2 

shown by many organic substances, such as urea, CO f and 

Nnh* 

ammonium cyanate, NH 4 CNO. Both these substances have the 
same molecular formula, N a H 4 CO, and yet they are entirely different 
in their properties. Ethyl ether, (C 2 H 5 ) 2 0, and butyl alcohol, 
C 4 H fl OH, are further examples of isomerides. Chemical composition 
does not therefore uniquely determine a chemical compound. 

It should also be noted that it is possible to find two or more 
definite chemical compounds with identical chemical properties, yet 
differing in physical properties and in chemical composition. Thus, 
lead chloride prepared from metallic lead which has had its origin 
in the disintegration of uranium minerals, differs in composition 
from that prepared from lead from thorium minerals. It has 
identical properties,* but different composition. The reason for the 
difference lies in the fact that the lead from the two sources diff ers 
in atomic weight. The atomic weight of ordinary lead is 207*2, 
whilst that from certain radioactive sources is 208. It is clear that 
the lead chloride prepared from each of these specimens will have 
different compositions, although no outward chemical difference can 
be discovered between them. Actually almost every element is 
made up of a mixture of atoms of different atomic weights (§ 35) 
Although these atoms differ as regards weight they do not differ at 
all chemically, and so chemical tests fail to distinguish between 
them Such atoms are called isotopes. Chlorine gas« as ordinarily 
prepared, consists of a mixture of atoms of atomic weights 35 and 37. 
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If these could be separated, and then combined with sodium, they 
would both form common salt, which would give all the chemical 
tests for this compound, and both specimens would be chemically 
indistinguishable from each other. Yet it is clear they would not 
have the same composition. In practice the ordinary elements 
always contain the same isotopes in the same proportions, and so 
compounds always have the same composition, whenever and how- 
ever they are prepared. In order that the Law may be applied, it 
is necessary to distinguish carefully between compounds formed 
from different isotopes. 

3. The Law ol Multiple Proportions. — This Law was stated by 
Dalton in 1803, and may be put as follows : — 

When two elements A and B combine to form more than one com- 
pound , the weights of A , which combine with a fixed weight of J5, are 
in the proportion of small whole numbers . 

There is little doubt that Dalton had been working on the atomic 
theory, and saw that some such law must necessarily be true (§ 9). 
He found in his experiments on the hydrocarbons marsh gas 
(methane) and olefiant gas (ethylene), and on the oxides of carbon, 
some experimental evidence for this view. It is certain that no 
man of science without an idea of what result to expect would have 
propounded the Law of Multiple Proportions from the numerical 
results of Dalton’s experiments. The experiments were very crude, 
and the results far from accurate. Only a person who expected the 
Law to be true would be able to see the truth of it from Dalton’s 
figures. 

Numerous experiments since, however, have shown the truth of 
the Law, Analyses by Berzelius were considerably more accurate 
than those of Dalton and provided sufficient experimental evidence. 
The analysis of three of the oxides of nitrogen has been carried out 
by different observers and the results are given below : — 

Nitrous oxide (Guye and Bogdan, 1904), N : O = 1*75100 : 1. 

Nitric oxide (Gray, 1905), N : O = 0*87563 : 1. 

Nitrogen tetroxide (Guye and Drouginine, 1910), N : O = 
0-43782:1. 

The numbers expressing the amount of nitrogen combining with 
1 part of oxygen are in the proportion, 

1*75100 : 0*87563 : 0*43782, 
i.e., 3*9994:2:1, 

or 4:2:1. 

Similar remarks apply concerning the exactness of this Law as 
-were made regarding that of the Law of Constant Proportions. The 
existence of isotopes causes similar discrepancies here, unless the 
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same isotope or mixture of isotopes is used throughout th^ prepara- 
tion of a series of compounds. This difficulty is only likely to arise 
with compounds of hydrogen (§ 40, 41) and possibly lead. 

4. The Law of Equivalent Proportions, and the Law of Reciprocal 
Proportions. — The fact that combination between substances takes 
place between definite weights of them appears to have been 
recognised by some of the alchemists, particularly by one A1 Jildaki, 
who lived in the fourteenth century. Cavendish, however, was the 
first to recognise that substances combined together in the pro- 
portion of their equivalent weights. Cavendish (1766) first men- 
tioned the word equivalent when dealing with the neutralisation of 
lime by an acid. He found the weight of potash which would 
combine with a given weight of acid, and the weight of lime which 
would neutralise the same weight of acid. He said that these two 
weights were equivalent. 

The analysis of a number of salts was carried out by Wenzel 
(1777), but he did not arrive at the Law of Equivalents. The first to 
note the relationship was Richter in 1792-94. He gave the Law of 
Reciprocal Proportions, which is a special case of the more general 
Law of Equivalent Proportions. The Law of Reciprocal Propor- 
tions states that “ the weights of two or more substances which separ- 
ately react chemically with identical weights of a third are also the 
weights which react i with each other , or simple multiples of them” 

The following example may be taken to illustrate the Law : — 

(1) Sodium combines with hydrogen, forming sodium hydride ; 
23 gms. of sodium combine with 1 gm. of hydrogen. 

(2) Sodium combines with oxygen to form sodium oxide ; 23 gms. 
of sodium combine with 8 gms. of oxygen. 

(3) Hydrogen combines with oxygen to form water ; 1 gm. of 
hydrogen combines with 8 gms. of oxygen 

Here there are two substances (they happen to be elements in 
this case) combining with the same weight of a third. If the Law 
of Reciprocal Proportions is correct it would be expected that the 
weights of the two elements would be those in which they would 
combine with each other, and that is indeed the case. 

It will be seen that as it stands this Law is of limited applicability, 
for there are comparatively few substances which, combining with a 
third, will combine with each other. The fact that they do both 
combine with the third element means that they must be similar 
in nature, and combination between similar substances is not to be 
expected. 

The Law could, however, be applied through a chain of sub- 
stances, and in this way we should arrive at a series of numbers 
which express the weights with which the different elements would 
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combine with each other. These weights are known as the equi- 
valents of the elements or compounds. . 

It was formerly usual to take hydrogen as the standard element, 
because no element was known which had a smaller equivalent; 
but for various reasons to be stated later, it is now customary to 
take oxygen as the standard (§5). 

The equivalent of a substance is therefore defined as the weight 
of it which will combine with or displace 8 parts by weight of oxygen . 

The Law of Equivalents states that substances combine, together in 
the ratio of their equivalents . 

The most recent values for the equivalents of hydrogen, chlorino, 
and silver are 1*0078, 35*457 and 107*880 respectively. These 
numbers are of great importance as they are fundamental for the 
determination of other equivalents. It is not always possible to 
make an element combine with hydrogen, or even with oxygen, but 
there are few elements which will not combine with chlorine. Since 
the equivalent of chlorine, referred to oxygen, is known, it is possible 
to find the equivalent of a substance by analysing its compound 
with chlorine. This method, of course, .makes use of the Law of 
Equivalents. 

The equivalents of most elements are based on the equivalent of 
silver, since the chlorides of most elements can be prepared in a 
pure condition, and chlorine can be determined as silver chloride 
with great accuracy. 

5. The Oxygen Standard. — Dalton chose the atom of hydrogen as 
the standard upon which to base the atomic weights (§ 11) of the 
other elements. He did this because the hydrogen atom was the 
lightest. 

It so happened that the atomic weights of many other elements 
determined on this standard came out to bo very nearly whole 
numbers. The number of them which did so was much greater 
than that indicated by probability, and so Prout, who, by the way, 
was one of the pioneers of physiological chemistry, considered that 
they ought to be whole numbers. So he put forward his famous 
hypothesis that the atomic weights of all elements are multiples of 
those of hydrogen. This caused the view that hydrogen should bo 
taken as the standard to be held even more strongly. 

If Front’s hypothesis were correct, it was considered that it ought 
to be possible to prove by experiment that the atomic weights of all 
elements were w r hole numbers and not merely nearly whole numbers, 
but all attempts to bring the elements into this scheme failed. The 
elements copper and chlorine, with atomic weights 63*57 and 35*46 
respectively, proved particularly recalcitrant in this respect. The 
inability of the theory to cover these cases proved its downfall. 
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There was, however, much more truth in Prout’s hypothesis than 
was at this time imagined, and in the light of the modem view of 
atomic structure it has again come into its own. That is another 
story, and must be taken up in the next chapter (§ 35, 37),* 1 

For practical purposes it was found convenient to take oxygen 
with the value 16*000 as the standard of atomic weights. The 
reasons for this step were : — 

(1) It is much more easy to obtain compounds of elements with 
oxygen than with hydrogen, particularly in the case of the metals. 
At the time when atomic weights were being determined with 
accuracy, the preparation and analysis of hydrides was a difficult 
matter. As it was, on the basis of hydrogen = 1, the atomic 
weights of elements frequently had to be determined with oxygen 
as an intermediary, and this meant that every time the atomic 
weight of oxygen was redetermined, many other atomic weights had 
to be recalculated. With the atomic weight of oxygen fixed, this 
would be unnecessary. 

(2) The atom of hydrogen is very light, and in making com- 
parisons experimental errors are magnified. 

At the time when this work was done nothing was known of 
isotopes, but it has been found that the masses of isotopes come 
out to be more nearly whole numbers on the oxygen scale. It is 
now known that oxygen itself is a mixture of isotopes of masses 16, 
17 and 18, the proportion of the last two being very small. For 
chemical purposes the naturally occurring mixture is taken as the 
standard, but the 16 isotope is the standard used in the mass 
spectrograph method for determining atomic weights (§38). The 
ratio of a mass on the standard 0 16 =16 to that on the other is 
1*00027 + 0*00002, according to the most recent determinations. 

The discovery of the hydrogen isotope, H B , is also of importance 
in this connection (§ 40). 

^ 6. The Determi nati on ol Equivalents. — The accurate determina- 
tion of equivalents is a matter of great importance, since the atomic 
weight of an element is nearly always derived from this figure. If 
the atomic weight of the element on the hydrogen scale is a, and the 
valency is v, one atom of the element combines with v atoms of 
hydrogen. But, one atom of the element weighs a units, compared 
with hydrogen. Hence a grams of the element combine with v grams 

of hydrogen. The equivalent is, this, a . The atomic weight of an 

v 

element and its equivalent are therefore connectod by the relation- 
equivalent x valency = atomic weight. 

The atomic weight is always some simple multiple of the equivalent. 



9 


DETERMINATION OF EQUIVALENTS 

During last century the most accurate work in the determination 
of equivalents was done by Stas, the master of quantitative analysis. 
Stas commenced work by studying the action of heat on potassium 
. chlorate. He found the loss in weight that took place when a given 
weight of potassium chlorate was heated until it gave off no more 
oxygen. He knew that the compound contained six equivalents of 
oxygen, so he could determine the equivalent of potassium chloride. 
He found this to be 74*59 (0 = 8). By finding the weight of silver 
chloride precipitated by a given weight of potassium chloride he 
found the equivalent of silver chloride to be 143*37. The combina- 
tion of a known weight of silver with chlorine gave him the equi- 
valent of silver, 107*93. Knowing this, he obtained from his other 
. figures the values for potassium and chlorine. 

The results of his analyses were extraordinarily accurate, but 
unfortunately there were two systematic errors. The first was due 
to the fact that the potassium chlorate contained a small quantity 
of chloride, and the second the fact that a small quantity of potas- 
sium chloride is always carried down by silver chloride when 
precipitated by silver nitrate, and this impurity cannot be removed 
by washing. The work of Edgar on the direct determination of the 
equivalent of chlorine showed the existence of this error. 

Some examples of the extreme care which has to be taken to 
obtain an accurate value for the equivalent will be given later 
when we consider some of the classical experiments that have been 
carried out with this end in view (§ 13). 

The determination of atomic weights and of equivalents is, how- 
ever, fast becoming the task of the physicist rather than of the 
chemist, for results of as great a degree of accuracy can be obtained 
by physical methods as by chemical ones. This will be more fully 
realised after reading the next chapter (§38). 

It will be of value to summarise, at this point, the simpler 
methods that are available in the laboratory for the determination 
of equivalents. Although these yield results of only moderate 
accuracy, they form the nucleus of the more elaborate methods. 

(1) The determination of the volume of hydrogen that is evolved 
by the use of a given weight of metal when treated with an acid, 
or sometimes an alkali. This method is now never used for accurate 
work. 

(2) The determination of the weight of the substance which will 
combine with 8 gms. of oxygen. 

This may be done either by making a known weight of the element 
into its oxide, and weighing the oxide, or by starting with a known 
weight of oxide, reducing it to the element, and weighing the 
element. 
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(3) Determination of the weight of silver necessary to precipitate 
a known weight of the chloride of the element. 

Thus, to determine the equivalent of sodium, sodium chloride 
is taken. A known weight of the salt is dissolved in water, and 
silver nitrate solution added until precipitation is complete. The 
precipitated silver chloride is filtered off through a quantitative 
filter-paper, or a 'weighed Gooch crucible, washed, dried, ignited 
(if a paper is used), and weighed. From the weight of the silver 
chloride the weight of chlorine in the salt is obtained. The equivalent* 
is calculated by finding the weight of metal combining with 
35-457 gms. of chlorine. 

Alternatively, silver may be taken as the standard, and the 
weight of silver required to precipitate a known weight of the 
chloride may be calculated. The equivalent of the compound is 
that weight of it which is precipitated by 107-880 gms. of silver. 
The equivalent of the metal is found by subtracting the equivalent 
of the chlorine present from the equivalent of the chloride. 

This method is the one now most frequently used. As an example, 
the work of Briscoe, Kikuchi and Peel (Proc. Roy. Soc., 1931, A , 
133, 440) on the determination of the equivalent of thallium may 
be quoted. Thallous chloride was carefully purified, and a solution 
containing a known weight of it was prepared. Excess of silver 
nitrate solution was added, and, after standing, the supernatant 
liquid was decanted, evaporated to a small bulk, and the silver in 
excess was determined by titration with N/l , 000-thiocyanate. One 
series of results is given in the table below : — 

Table I. — Equivalent of Thallium 


Wt of T1C1 gms. 

Wt. of Ag gms. 

llCi: Ag. 

At. wt. of Tl 
Equivalent 

loom 1 ) 

4-52210 

2-22234 

204-29 

11-55090 

5-19723 

2-22251 

204-31 

10-60756 

4-77211 

2-22282 

204-34 

9-91720 

4-46146 

2-22288 

204-35 

9-53722 

4-29023 

2-22300 

204-36 

11-88154 

5-34523 

2-22283 

204-34 



Mean 

204-33 


The figures in column 4 are both the equivalent and the atomic 
weight of the element as, in the thallous state, the element is 
univalent. 
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(4) By displacing another element from combination. 

Take, as an example, the determination of the equivalent of 
copper by adding a known weight of zinc to copper sulphate 
solution. Copper is deposited and the zinc dissolves. The 
precipitated copper is filtered off, dried, and weighed. The equivalent 
of zinc must be known, the calculation depending on the law of 
equivalents (§4): — 

wt. of copper deposited equivalent of copper 
wt. of zinc dissolved equivalent of zinc 

(5) By conversion into another compound. 

To find the equivalent of nitrogen, potassium chloride may be 
converted quantitatively into potassium nitrate. All the equiva- 
lents are known with the exception of that required. The equivalent 
of a compound is the sum of the equivalents of its constituent 
elements. 

(6) The equivalent of a compound can frequently be found by 
volumetric methods. 

Thus one equivalent of ammonium thiocyanate reacts with one of 
silver nitrate. A solution containing a known weight of ammonium 
thiocyanate is titrated against a standard solution of silver nitrate 
by the usual method. The weight of ammonium thiocyanate 
combining with the equivalent weight of silver nitrate can then be 
readily calculated. 

An element may, of course, have more than one equivalent. If 
the valency of an element is variable, its equivalent will be variable 
also, since the two are connected by the relationship mentioned 
above. 

7. The Law o! Combining Volumes.— Gay-Lussac (1808), on 
the basis of numerous experiments carried out by himself, and 
also in conjunction with Humboldt, arrived at the conclusion 
that when gases combine they do so in volumes which bear a simple 
relationship to each other , and to that of the product if that is also 
gaseous . 

The Law was at first regarded as being strictly true, for accurate 
working with gases is quite a modem development. More recently 
it has been found that the Law is only approximately true. Thus, 
the experiments of Morley on the combining volumes of hydrogen 
and oxygen showed that the ratio is 2H)0269 : 1, instead of exactly 
2:1, the difference not being accounted for as experimental error. 
Numerous other experiments show that the combining volumes 
approximate to whole numbers. The reason for the deviation is the 
fact that no gas is ideal and obeys the gas laws. If Boyle’s and 
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Charles’ Laws were obeyed it can be shown that Gay-Lussac’s Law 
would be strictly true. Since all gases obey Boyle’s Law more 
closely at low pressures, it follows that the law of combining 
volumes will more nearly express the facts when the gases are in 
this condition (see also Chapter V., § 82). 

As an elementary example of the verification of this Law the 
volumetric composition of any compound gas will serve, and the 
methods of determination should be revised here. 

8. The Ancient Atomic Theory. — The idea that matter is not 
indefinitely divisible, but is made up of minute indivisible particles, 
is not modem. That matter was made up of atoms was suspected 
by the Greeks — it cannot be said that it was more than a suspicion, 
for there was no experimental proof of their view. Some of the 
philosophers assumed an atomic theory because it explained the 
phenomenon of the mixture of liquids, which is difficult to conceive 
without a belief in the discrete nature of matter. This view of the 
constitution of matter was held by Leucippus and Democritus, four 
centuries b.c., and the idea was more fully developed by Lucretius. 
The conclusions of Lucretius are of considerable interest, for, as 
has been pointed out by Tait, and Young, they are very like those 
actually put forward by Dalton more than two thousand years later. 
They were : — 

(1) Atoms have different shapes : but the number of shapes is 
finite, and there is an infinite number of atoms of each shape. 

(2) Nothing whose nature is apparent to sense consists of one 
kind of atom only. 

(3) The atoms move through space at a greater speed than that 
of sunlight. 

The atomic nature of matter was tacitly assumed by such in6n as 
Bacon, Boyle, Hooke and Newton. But any considerable increase 
in our knowledge of the nature of matter was held up through the 
lack of a clear idea of the nature of elements. To the alchemists 
there were four elements : earth, air, fire and water. These, indeed, 
represented the three states of matter, solid, gas, and liquid, with 
the addition of fire, which, as it was not in the slightest degree 
understood, was classified as an element. The conception of the 
term “ element ” was, however, much more complex than is indi- 
cated by this statement. The majority of the alchemists believed 
in the Aristotelian oontinuum of the four elements. 

Boyle was the firit to give any precise definition of the term 
“element.” He defined it as a substance which itself was not 
capable of further separation, but which could be obtained from 
a compound. In these days we find it necessary to make some 
modification in this definition, which, however, was still quite 
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satisfactory until the beginning of this century. It is now rather 
difficult to define an element, for almost all elements have been 
“decomposed.’* By bombarding elements with rapidly moving 
protons and neutrons it has been found possible to break them 
down into simpler ones. For details of this, see Chapter II., § 42. 

We may now define an element as a substance which cannot be 
broken down into something simpler by the ordinary chemical methods , 
though, of course, this definition is vague, since it does not define 
what ordinary chemical methods are. Although it is difficult to 
give a definition, yet we have a physical method of finding out 
whether a substance is an element or not quite definitely, making 
use of the X-ray spectrum. 1 

This uncertainty about the definition of the element is quite a 
modern development, dating from the time of the discovery of 
radioactive disintegration. It was certainly unknown in the 
eighteenth and nineteenth century, and at the time that Dalton 
lived, the idea of an clement was quite fixed, as also was that of 
the atomic nature of matter. Two Irish chemists who preceded 
Dalton, Bryan Higgins (1737-1820) and William Higgins (1769- 
1825) got so far as to suggest that chemical combination was due to 
the union of single ultimate particles of the combining substances, 
but made the false assumption that the ultimate particles of all 
substances had the same weight. 

There can be no doubt that the time was ripe for the atomic 
theory ; many experimental facts were leading to this inevitable 
conclusion. It was left to Dalton (1766-1844) to propound the 
theory — the most far-reaching in its consequences that chemistry 
has ever known. 

9. Dalton’s Atomic Theory.— Dalton’s views may be summarised 
in the following terms : — 

(1) Elements are made up of atoms, which are indestructible. 
All atoms of the same element have the same weight, and are 
similar in size and shape. 

(2) Compound atoms are formed by the union of elementary 
atoms in simple proportions. 

It is surprising how closely related these statements are to the 
views of Lucretius. 2 Thus, the first statement of Lucretius, when 
modified to suit the Dalton theory, reads : — 

1 A good modern definition of an element is “ a substance which consists 
wholly of atoms having the same nuclear charge. 1 * This definition calls a 
mixture of isotopes an element, which is common usage. The X-ray spectrum 
depends on the intensity of binding of the iC-electrons, which is a function 
of the nuclear charge. This note will be more clearly understood after reading 
Chapters II and III. 

* S. Young. (< Stoichiometry, 1 * p. 8. (Longmans, 1908.) 

B 
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(1) Atoms have different weights, but the number of weights is 
finite, and there is an infinite number of atoms of each weight. 

All that is required is the substitution of the word weight for 
shape. 

(2) Chemical elements consist of one kind of atom only. 

(3) Actually the atoms move with a speed very much less than 
that of light. Dalton did not investigate the speeds of atoms, but 
the velocities of molecules of gases have since been determined by 
the aid of the kinetic theory (see § 75, where a table of molecular 
velocities is given). The most rapidly moving atom moves (at 
N.T.P.) with a speed no greater than that of a rifle bullet. 

There seems to be no doubt that Dalton arrived at his theory on 
purely physical lines, and that ho was very much influenced by 
Newton. Dalton probably had these ideas in his mind for some 
years before making them public, and he frequently mentioned the 
theory, or at least isolated points in it, in lectures. 

The theory explained in a very convincing way the various laws 
of chemical combination that had already been formulated. 

The fact that compounds always contain their constituent elements 
combined in fixed proportions follows, since combination can only 
take place between atoms, and these have definite weights. 

If two elements, A and B, combine to form more than one 
compound, the molecules of the compounds must be made up of 
1 atom of A + 1 atom of B, 1 atom of A + 2 atoms of B, 1 atom 
of A + 3 atoms of B y 2 atoms of A + 1 atom of B, etc. Since the 
mass of an atom of A is constant, as is also that of an atom of B, 
the compounds must obey the Law of Multiple Proportions. 

When it came to Gay-Lussac’s Law of Combining Volumes, how- 
ever, Dalton’s theory experienced difficulties. It was known, for 
example, that one volume of hydrogen combined with one volume 
of chlorine to form two volumes of hydrogen chloride. Dalton’s 
theory postulated that combination took place between simply 
related numbers of atoms, and that in all probability, in this case, it 
was between single atoms. Berzelius indeed believed, as a result 
of combining Dalton’s theory with Gay-Lussac’s Law, that equals 
volumes of gases under the same conditions of temperature and 
pressure contained an equal number of atoms." On applying this 
hypothesis to the data we have before us, we see that it leads to the 
conclusion that one atom of hydrogen combines with one atom of 
chlorine to form two “ atoms ” of hydrogen chloride. The con- 
ception of an atom necessitated the possibility of obtaining a single 
“ atom ” of hydrogen chloride, and hence this single “ atom ” would 
contain half an atom of hydrogen and half an atom of chlorine. 
This meant that the atoms must be divisible into two halves, and 
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this was in direct contradiction to Dalton’s statement that the atom 
was indivisible, a statement upon which he always laid great 
emphasis. Instead of looking for the error, however, in the assump- 
tion that equal volumes of gases contain the same number of atoms, 
he made the statement that gases do not combine exactly in simple 
proportions, and that whenever figures were obtained which agreed 
with that result, they were duo to experimental error — a most 
icmarkable thing to say in face of all the evidence. The correct 
interpretation of the matter was given by Avogadro, who pointed 
out the difference between atoms and molecules, and put forward 
his famous Hypothesis (1811). The latter was, however, disregarded 
until the middle of the century, and until this time the whole 
question remained in considerable confusion. When Avogadro’s 
Hypothesis was accepted, the molecules of elementary gases were 
assumed to be diatomic. 

10. Avogadro’s Hypothesis.— It must be emphasised that Dalton’s 
view of the atom was that it was the smallest particle of a substance 
that could exist, irrespective of whether the substance was an 
element or a compound. It was quite usual for Dalton to talk of 
an atom of a compound. Avogadro, however, recognised that the 
smallest particle of a compound could actually be further subdivided 
into its component atoms, and the term molecule was applied to the 
smallest particle of a compound that retained the chemical properties 
of the compound. The molecular weight of a compound is the sum of 
the atomic weights of its constituent atoms. 

Avogadro, therefore, stated that “ equal volumes of gases , under 
the same conditions of temperature and pressure , contain the same 
number of molecules” The same hypothesis was put forward inde- 
pendently by Ampere a short while later. 

This hypothesis wras, at that time, incapable' of direct experimental 
proof. 

Avogadro’s Hypothesis w r as not generally accepted until some 
forty-seven years later, when Cannizzaro revived it. Its fall into 
abeyance was due to the fact that the idea of the distinction between 
..atom and molecule was not fully grasped. The Hypothesis has now 
become so much a part of our working stock in connection with 
gases that we do not stop to think whether it is true or not. It has 
shown that the common elementary gases* are diatomic, and has 
provided a means of determining the atomic weights of the gaseous 
elements, which atomic weights are confirmed by many other 
methods. It is not, however, strictly true, for as in the Law* of 
Volumes, upon which it depends, there are deviations due to the 
fact that no gas is ideal. The account which has to be taken of 
these deviations is fully explained on p. 208 (§ 82). 
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11. Methods of Determining Atomic Weights. — The atomic weight 
of an element was defined as the ratio of the weight of one atom 
of the element to that of an atom of hydrogen, though now it is 
usual to base atomic weights on the oxygen standard, and the 
definition then becomes the ratio of the weight of an atom of the 
element to one-sixteenth of the weight of an atom of oxygen. 

At one time the atomic weight of an element was regarded as one 
of its most important constants, and particularly after the advent 
of the Periodic Law (§ 11, d) the atomic weight was supposed to be 
the factor determining the properties of an element. It is now 
known that it is not the atomic weight that is the important thing 
about an element, but the atomic number. The atomic number is 
defined as the numerical value of the net nuclear charge of the atom 
of the element, reckoned in units of positive charge equal in mag- 
nitude to the electronic charge (see § 34). This is the number of the 
element in the series of elements written in the order of the periodic 
table, taking account of the missing elements ( i.e ., ascending order 
of atomic weight with certain departures indicated by the properties 
of the elements). Also, the atomic weight of an “ element ” is not 
necessarily a constant. Ordinary “ elements ” consist of a mixture 
of isotopes, i.e., elements with identical chemical properties but 
different atomic weights (§ 35). It is true that the composition of 
these isotopic mixtures is always the same when the elements are 
prepared in the usual way, and the atomic weight will therefore 
appear to be a constant ; but there is the likelihood that the 
composition of the mixture may alter with the sourco of the 
element, and then the atomic weight would differ from that usually 
determined. In fact, examples are known where the atomic weight 
of an clement determined from some miheral source depends upon 
the age of the mineral, the composition of the isotopic mixture of 
atoms being different. 

The atomic weight, then, can no longer be regarded as a funda- 
mental constant of an element, and although much work has been 
done on the accurate determination of atomic weights, this has to 
a certain extent been wasted, since atomic weights have not the 
significance originally assigned to them. On the other hand, such 
accurate determinations led to the improvement of analytical 
methods. An accurate knowledge of atomic weights is, moreover, 
essential in the quantitative analyses on which the results of most 
chemical investigations depend. 

Wo can only consider here the fundamental principles at the basis 
of atomic weight determinations. Much of the theory of the 
different processes employed is more fully dealt with in other parts 
of the book. 
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1. Gaseous Elements.— T he atomic weight of a gaseous 
element (with the exception, of course, of hydrogen) is obtained 
from the relationship 

vapour density = molecular weight /2. 

Common elementary gases are all diatomic ; the exceptions are the 
inert gases. Hence, if the molecular weight is known, the atomic 
weight is found by dividing by two. 

The relationship quoted above depends upon the validity of 
Avogadro’s Hypothesis. Strictly, the Hypothesis only holds for 
ideal gases, and no gas is perfect. Gases do, however, approach 
ideality at low pressures, and so, the lower the* pressure, the more 
nearly true is Avogadro’s Hypothesis and 
the above relationship. The correction 
necessary for ordinary gases is explained 
in full on p. 208, § 82. The student is 
recommended, however, not to take it 
intp account at this point, but to assume 
that Avogadro’s Hypothesis is correct. 

The method requires, then, a deter- 
mination of the density of the gas. 

The exact determination of the density 
of a gas can be carried out in three 
ways : — 

(a) RegnaulVs Method . — This consists 
simply of weighing a known volume of 
the gas under definite conditions of 
temperature and pressure. Regnault used 
largo glass globes which were first 
evacuated, then filled with the gas, the difference in the weights of 
the globe giving the weight of the gas. The volumes employed were 
about 50 litres, but in these days of more accurate balances it is 
found much more convenient to use small globes of about 2 litres 
capacity, or even less. 

The globe, of which the volume must be known, must first of all 
be very carefully dried. This is done by repeatedly filling the globe 
with air dried over phosphorus pentoxide, and then with the pure 
dry gas under investigation. The vessel is then completely evacu- 
ated. The purpose of this process is to replace any film of moisture 
on the inside of the glass globe with a film of the gas under examina- 
tion. The globe is then hung from the beam of a balance and 
counterpoised by a similar globe, together with a few weights. This 
is to compensate for the film of moisture which is always to be 
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found on the outside of the glass globe, and also for changes in 
pressure and temperature in the neighbourhood. The vessel is 
then filled with gas at a known pressure, usually near 760 mm., 
and at a known temperature, usually 0°C. It is then weighed 
again, the additional weights placed on the side of the counter- 
poising globe being approximately equal to the weight of the gas. 

Corrections now have to be made for buoyancy. The vessel^ first 
evacuated, and then filled with a gas at atmospheric pressure, 
expands a little. When a vessel is weighed in air, the weight 
obtained is the actual weight of the vessel in vacuo less the weight 
of air displaced. The vessel when full of gas displaces more air 
than when it is evacuated, and consequently an addition will have 
to be made to the weight determined. 
This will be equal to the difference in 
volume of the globe, multiplied by the 
weight of 1 c.c. of air under the laboratory 
conditions. 

Travers devised a method of determin- 
ing this contraction when the globe was 
evacuated. The globe was placed inside 
a closed vessel, with its neck passing 
through a hole in the stopper (Fig. 3). 
Also, through another hole in the stopper, 
passed a calibrated vertical capillary 
tube. The vessel was completely filled 
with water, and placed in a thermostat. 
The globe was then evacuated, and as its 
volume decreased, the level of the water 

Fjo. 3. — Travers’ Appar- in the ca P illar y tube felL From the 

atus (diagrammatic). scale, the volume change could be read 

off directly. 

The actual volume of the globe is determined by filling it with 
water and weighing. This weight must be corrected for the tem- 
perature of the water, and for the weight of air displaced by the 
globe. 

Knowing the weight and the volume of the gas, the density, in 
grams per litre, can be calculated. For the purpose of molecular 
weight determination, the density referred to oxygen as 16 is 
required, and consequently the density of oxygen in grams per litre 
must be know r n, or determined. The molecular weight is then 
calculated as kbove. Correction must be made for the failure of 
Avogadro’s Hypothesis, and the method of applying this is given 
onp. 208, §82. 

(b) The Volumeter Method (Guye and Pintza). — The principle of 
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the method is the reverse of the last, the volume of a known weight 
of gas being determined. 

The apparatus used by Guye and Pintza in their determination 
of the density of nitrogen is show in Fig. 4. 

The volumes of the globes A and B were determined by finding 
the weight of water filling them at 0° C. The volume of the dead 
space ” between the marks a and b and the tap G, and the zero of 
the manometer I) were also determined, and the space between the 
taps E, F and G. The tube H contained coconut charcoal, and was 
first evacuated and weighed and then attached to the apparatus 
by a ground-joint (not shown in Fig. 4). The apparatus which 
was perfectly dry, and had been filled with the gas several times, 



Fig. 4. — (iuye and Pintza’s Voluinotor Method. 



was evacuated, and then filled with the gas slowly, up to about 
atmospheric pressure. The bulbs were immersed in melting ice, 
and the taps F and G closed, the mercury adjusted to the zero 
D, and the pressure of the gas read. The spaco E, F, G, was then 
evacuated, F closed, and by opening the taps E, G and J, the gas 
was absorbed by the charcoal in the absorption tube H, the char- 
coal being cooled in a mixture of solid carbon dioxide and ether. 
When nearly all the gas had been absorbed, taps E and G were 
closed, and the pressure of the gas remaining in the apparatus 
determined. The gas contained in the space EFG was pumped 
out and measured, and the absoiption tube removed from the 
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apparatus and reweighed. The weight of the gas absorbed by the 
charcoal was thus found. 

Prom the difference in pressure before and after the experiment, 
and the amount of gas left fn the “ dead space/* the volume of gas 
absorbed was calculated. Its weight was known, and hence the 
density was calculated, corrections being applied for deviations 
from Boyle’s Law. 

(c) The Buoyancy Method . — A more modern and precise method 
of measuring gas densities depends upon determining the buoyancy 
of the gas, and employs a micro-balance. The latter consists of a 
small quartz bulb, Q (Fig. 5), of about 0*5 c.c. capacity, which is 
evacuated, and attached to a quartz beam (resting on a knife-edge, 
K), the motion of which is restricted by two plates, AA. The whole 
is enclosed in a glass case, provided with an entrance tube, fitted 
with a tap. The apparatus is so adjusted that after evacuation, 
and filling with the gas under test at a known pressure, the end of 
the beam, B, is at the zero position of a scale in a telescope through 
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Fig. 5. — Microbalance (very diagrammatic). 


which the beam is viewed. The vessel is again exhausted, and 
oxygen is then admitted to such a pressure that the beam is again 
at the zero position. Low pressures are used, so that Boyle’s Law 
may be supposed to hold with accuracy for the two gases. It may 
readily be shown that if D is the density of the gas, D 1 the density 
of oxygen, p the pressufe of the gas, and p x the pressure of oxygen, 


or, 


jD = P± 
Di P ’ 

D = 

P 


The advantages of the method are that it requires only a very small 
quantity of gas, and the work is quickly carried out. With a 
micro-balance similar to that described, the density of radium 
emanation, of which only 0*75 cubic millimetres was available, 
was determined. Aston used this apparatus in 1914 to determine 
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the densities of samples of neon, in attempting to separate its 
isotopes. 

Under certain circumstances, the methods described in § 12 for 
finding the vapour densities of compounds may be applied to 
elements. 

The buoyancy method has been used by Woodhead and Whytlaw- 
Gray in the determination of the atomic weights of xenon (1931) 
and carbon (1933). 1 Tho balance used in the latter determination 
was constructed entirely of fused quartz, and was a modification of 
that previously described, being of the fibro suspension type. The 
buoyancy bulb in Fig. 6, had a capacity of 8 c.c., and was counter* 
poised by a smaller bulb with a hole in it, and a small sphere of 
silica. The method employed was to determine the ratio of the 
pressures at which carbon monoxide and oxygen have the same 



Fio. 6 . — Fibre Suspension Buoyancy Balance (Plan). 


densities. The balance case was exhausted, and one of the pure 
gases run in very slowly, through a U-tube cooled in liquid air, 
until the ^balance floated. Then a final adjustment of pressure 
was made until tho balance pointer was at the zero mark. The 
same was repeated with the other gas. Numerous corrections were 
necessary, which cannot be described here. 

Tho following table gives some of tho results : — 


Table II. — Density of Carbon Monoxide 


Series. 

Approx, pressures 
(mm.). 

Uncorrectcd 

ratio. 

Corrections. 

Corrected 

ratio. 

o 2 . 

CO. 

I. (0°C.) 

382-8 

437-2 

0-87320 

-0-00010 

0-87516 

11. (19-8° C.) 

181-9 

207-8 

0-87535 

-0-000123 

0-87523 

III. (19*8° C.) 

361-9 

413-5 

0-87524 

-0 000112 

0-87514 

IV. (19-8° C.) 

672-3 

654-0 

0-87609 

-0-000099 

0-87500 


i I*toc* Roy* Soc. t 1931, A. t 134, 7 , J*C*S* t 1933, 846* 
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To obtain the molecular weight of carbon monoxide the value 
of the ratio at zero pressure (§ 82) must be obtained. This is 
done by plotting the ratio against the pressure, and continuing the 
straight line to cut the axis at zero pressure. In this way, three 
values for the ratio at zero pressure can be obtained from series II., 
III. and IV. The value from series I. was not considered to be so 
accurate as those from the other series. 


Table III.— Molecular Weight of Carbon Monoxide 


From Series II. and III. 
„ „ II. and IV. 

„ „ III. and IV. 


Limiting ratios. 


Mol. Wt. of Carbon 
Monoxide. 


0-87533 28*010 

0-87534 28011 

0-87537 28011 


The molecular weight of the carbon monoxide was calculated 
from the ratio by multiplying by the molecular weight of oxygen 
(32). Taking the value for the molecular weight 28-011, this gives 
12-011 for the atomic weight of carbon. 

It is interesting to note that in connection with the artificial 
production of elements higher in the periodic table than uranium 
(the so-called trans-uranium elements, § 42) it has been necessary 
to devise a balance which will enable quantities as small as 10~ 6 gm. 



Fig. 7. 
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to be weighed. The principle used in one type of microbalance 
(the Salvioni balance) is to measure by means of ^microscope the 
bending of a very fine quartz fibre (approximately 4 X 10~ 3 cm* 
in diameter) when it is loaded with the substance to be weighed. 
In another type of instrument the principle of the torsion balance 
is used. The twist produced in a fine quartz fibre by the weight 
to be determined is measured by applying an opposite torsion, 
which just brings the fibre back to its initial position. An optical 
method is used to indicate when the exact amount of torsion has 
been applied. These balances have a sensitivity of 0*02 micrograms. 
The torsion type has a weighing range of 300 micrograms, and a 
load capacity of 25 mg. 

2. Liquid Elements — There are only two liquid elements 
(mercury and bromine), and the atomic weights of those are best 
determined by converting them into vapours and treating them as 
gases, or else by using some of the methods for solids. 

3. Solid Elements. — The relationship used here is equivalent x 
valency = atomic weight (§6). It is necessary to determine two 
things : first the equivalent, and secondly the valency. Since the 
valency is always an integer, it is cleaV that the accuracy of an 
atomic weight determination based on this expression depends upon 
the degree of accuracy with which the equivalent is determined. 
As this determination can be carried out with all the accuracy of 
quantitative chemistry, errors in atomic weights arising from this 
cause are small. 

The more difficult task is to decide the valency of the element. 
There are several ways of doing this. 

(a) The Vapour Density Method. — In this method the molecular 
weight of a compound of the element is determined. This can be 
carried out most conveniently by Victor Meyer’s method of deter- 
mining vapour density (§12). For this purpose a compound must 
be chosen which will vaporise at as low a temperature as possible, 
and also is not decomposed on vaporisation. As a rule the chloride 
is the most suitable compound. 

Suppose the element A has a valency n. The formula of its 
chloride will be ACl n , and, if a is the atomic weight of the element, 
the molecular weight, M, of the chloride will be a + 35-5 n (since 
the atomic weight of chlorine is 35*5, approximately). If e is the 
equivalent, a = e X n. Hence 

en -f- 35-5 n = M 
or n( 35-5 + e) = M . 

e and M are known, so n can be calculated. Of course, vapour 
density determinations will give only an approximate value for M, 
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so the nearest whole number to the value obtained is taken as 
the valency. The atomic weight is then obtained by multiplying 
the accurately determined equivalent by the valency. 

(6) The Specific Heat Method . — As a result of their researches on 
the specific heats of a number of metals in 1819, Dulong and Petit 
were able to make the generalisation that the atomic weight of a 
metal multiplied: by its specific heat is equal to 6*4. . The Law only 
holds for metals, and even then there are several exceptions (see 
§ 131). It certainly would not be accurate enough to enable a 
trustworthy figure for the atomic weight to be found without 
further and more accurate evidence. Its chief use is to determine 
the valenoy of an element, of which the equivalent has been deter- 
mined with all possible accuracy. The Law is more fully discussed 
in §131. 

As an example, suppose that the equivalent of a metal has been 
determined by combining it with chlorine, or precipitation of silver 
chloride by the chloride of the metal, the following results being 
obtained : 1-376 gins, of metal combine with 1-000 gm. of chlorine. 
Owing to the difficult volatility of the chloride, or for other reasons, 
it is decided to apply the specific heat method rather than find the 
vapour density of the chloride. The specific heat is found to be 
0-032. Prom the first observations, the accurate equivalent of the 
metal is 1*376 X 35-457 = 48-788. The rough atomic weight is 
given by the formula, atomic weight X specific heat = 6-4. This 
gives for the rough atomic weight, 6-4/0-032 = 200. It is clear that 
the only value for the valency which will bring the atomic weight 
anywhere near this figure is 4, and so the accurate atomic weight 
is 4 X 48-788 = 195-152. 

(c) Use of the Law of Isomorphism. — The Law of Isomorphism, 
which is dealt with more fully in § 146, statos that compounds 
which have identity of crystalline form (i.e., isomorphous compounds, 
which will form mixed crystals) have similar chemical formulae. 

Thus the three oxides, ferric, aluminium and chromium (Cr 2 0 8 ), 
are isomorphous ; they occur in the same crystalline form, and 
can sometimes replace each other in minerals. The formula of 
aluminium chloride is easily found from the vapour density, since 
this substance is readily volatile, and Victor Meyer’s method can 
be applied. The formula obtained is A1C1 3 , when determined at high 
temperatures, and the formula of the oxide must be A1 2 0 3 . Since 
the other oxides are isomorphous with alumina, their formulae must 
be Fe 2 0 3 and Cr 2 0 3 , and from the percentage compositions of these 
oxides as determined by analysis, the atomic weights of iron and 
chromium can be found. 

Isomorphism has proved most useful in correcting atomic weights. 
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Thus, before 1836, silver was supposed to have the atomic weight 
216, whilst that of copper was taken to be 63*5. Dumas, in studying 
the sulphide minerals of copper and silver, found that the minerals 
chalcocito, Cu 2 S, and acanthite, silver sulphide, then written AgS, 
were isomorphous. For various reasons the figure 63-5 was regarded 
as correct for copper, and hence the formula of silver sulphide was 
Ag 2 S, and the atomic weight of silver 108. 

One of the best examples was the application of isomorphism to 
the determination of the atomic weight of vanadium by Roscoe in 
1868. Berzelius assumed in 1831 that the oxide of vanadium was 
V0 3 , and the atomic weight on that basis was 61. This view was 
held for almost forty years. Rammelsberg in 1856 pointed out that 
the following minerals were isomorphous : — 

Apatite, 3Ca 3 (P0 4 ) 2 + CaF 2 — Ca s P a 0 12 F. 

Pyromorphito, 3Pb 3 (P0 4 ) 2 + PbCi 2 = Pb 6 P 3 0 12 Cl. 

Mimetite, 3Pb 3 (As0 4 ) 2 + PbCl 2 = Pb 6 As 3 0 12 Cl. 

Vanadinite, 3Pb 3 V 2 0 6 + PbCJ 2 = Pb 6 V 3 0 9 Cl. 

The formula of the last compound is that based on the Berzelius 
figure for the valency of vanadium. It is clear that while the first 
three minerals havo analogous formulae, the last is quite different. 
Yet all these compounds are isomorphous, and hence their formulae 
should be similar, and the valency of vanadium should be 5. 

Roscoe showed that Berzelius had actually mistaken an oxide 
VO for the element itself. 1 The formula which had been written 
Pb 6 V 3 0 9 Cl, should therefore have been Pb 6 (V0) 8 0 9 Cl or Pb 6 V 3 0 12 Cl. 
Working with pure compounds he was able to find the atomic 
weight, 51*4. 

Beryllium behaves in many ways like aluminium, and ' was at 
first assigned a valency of three, and an atomic weight of 14-1. 
But Mendeleeff found that it should appear in Group II. in the 
Periodic Table, and should therefore have a valency of two. The 
atomic weight would then be 9*4. This alteration was made by 
Mendeleeff, and was later confirmed by the determination of the 
specific heat of the element at high temperatures, by the discovery 
by Mallard that the oxide, beryllia, is isomorphous with zinc oxide, 
and must therefore have the formula BeO, and by the determination 
of the vapour density of beryllium chloride. 

The atomic weight of zirconium was believed to be about 67 for 
some time. Berzelius first assigned the formula Zr0 3 to the oxide, 

1 It may be thought that if this was so, Berzelius’ oxide V0 3 would be 
really V0(0 3 ), i.e. t V0 4 , which disagrees with the valency of 5 mentioned ; 
but in Berzelius’ time, oxygen was assigned an atomic weight of 8, and water 
was written HO ; consequently, Berzelius’ V0 3 would correspond to V 9 0 3 
on our system, which would be (V0) 2 0 8 , i.e., V a 0 6 , when the Berzelius error 
was rectified. 
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Periodic Table 


Atomic Numbers thus, 7. 

(International Atomic 


Valency 

I. 

1 

A. B. 

n. 

2 

A. B. 

III. 

3 

A. B. 

IV. 

4 

A. B. 

V. 

1 } 

A. B. 

Period 1 

Hydrogen, H. 

1. 10080 





„ 2 

Lithium, Li. 

3. 6 ‘940. 

Beryllium, Be. 

4. 9‘02. 

Boron, B. 

5. 10-82. 

Carbon, C. 
6. 12-010. 

Nitrogen, N. 

7. 14-008. 

„ 3 

Sodium, Na. 

11. 22-997. 

Magnesium, Mg. 
12. 24-32. 

Aluminium, Al. 

13. 26-97. 

Silicon, Si. 
14. 28’06. 

Phosphorus, P. 
15. 30-98. 

„ 4 

Potassium. K. 

19. 39-096. 
Copper, Cu. 
29. 63-57. 

Calcium, Ca. 

20. 40-08. 

Zinc, Zn. 
30. 65’38. 

Scandium, Sc. 

21. 4510. 

Gallium, Ga. 
31. 69'72. 

Titanium, Ti. 

22. 47-90. 
Germanium, Ge. 
32. 72-60. 

Vanadium, V. 

23. 50-95. 

Arsenic, As. 
33. 74-91. 

.. 5 

Rubidium, Rb. 

37. 85-48. 

Silver, Ag. 
47. 107*880. 

Strontium, Sr. 

38. 87-63. 
Cadmium, Cd. 
48. 112-41. 

Yttrium, Y. 

39. 88 92. 

Indium, In. 
49. 114-76. 

Zirconium, Zr. 

40. 9122. 

Tin, Sn. 
50. 118 70. 

Niobium, Nb. 

41. 92-91. 

Antimony, Sb. 
51. 121-76. 

„ 6 

; 

1 

Cesium, Cs. 

55. 13291. 

\ 

Gold, Au. 
79. 197-2. 

Barium, Ba. 

56. 137-36. 

Mercury, Hg. 
80. 200-61. 

Lanthanum. La. 

57. 138-92. 
Cerium, Ce. 

58. 140-13. 
Praseodymium, Pr. 

59. 140-92. 
Neodymium, Nd. 

60. 144-27. 
Illinium, 11. 

61. 

Samarium, Sm. 

62. 150-43. 
Europium, Eu. 

63. 152-0. 
Gadolinium, Gd. 

64. 156 9. 
Terbium, Tb. 

65. 159-2. 
Dysprosium, Ds. 

66. 162‘4o 
Holmium, Ho. 

67. 164-94. 
Erbium, Er. 

68. 167-2. 
Thulium. Tm. 

69. 169-4. 
Ytterbium, Yb. 

70. 173-04. 
Lutecium, Lu. 

71 J 74-99. 

Thallium, Tl. 
81. 204-39. 

Hafhium, Hf. 

72. 178-6. 

Lead, Pb. 
82. 207-21. 

Tantalum, Ta. 

73. 180-88. 

Bismuth, Bi. 
83. 209*00. 

.. 7 

87. 

Radium, Ra, 

88. 22605. 

Actinium, Ac. 

89. 

Thorium, Th. 

90. 23212. 

Protactinium, Pa. 

91. 231. 
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of the Elements. 


Atomic Weights thus, 6 m g4. 
Weights, 1941, are given.) 


VI. 

1 } 

A. B. 

VII. 

A. H .. 

VIII. 



[Hydrogen, H.l 

Li. 1-0080. J 


Helium, He. 

2. 4003. 

Oxygen, 0. 
8. 16 0000. 

Fluorine, F. 
9. 19-00 


Neon, Ne. 

10. 20183. 

Sulphur, S 
16. 32-06. 

Chlorine, Cl. 
17. 35-457. 


Argon, A. 

18. 39-944. 

Chromium, Cr. 

24. 52-01. 

Selenium, Se. 
34. 78-96. 

Manganese, Mn. 

25. 54-93. 

Bromine, Br. 
35. 79-91 6. 

Iron, Fe. Cohalt, Co. Nickel, Nl. 

26. 55-85. 27. 58 94. 28. 58‘69. 

Krypton, Kr, 

36. 83-7. 

Molybdenum, Mo. 
42. 95'95 . 

Tellurium. Te. 
52. 127-61. 

Masurium, Ma. 

43. 

Iodine, I. 
53. 126-92. 

Ruthenium, Ru. Rhodium, Rh. Palladium, Pd. 
44. 101-7. 45. % 10291. 46. 106 7. 

Xenon, Xe. 

54. 131-3. 

Tungsten, W. 

74. 183-92. 

Polonium, Po. 
84. 

Rhenium, Re. 

75. 186-31. 

85. 

Osmium, Os. Iridium, Ir. Platinum, Pt. 

76. 190-2. 77. 193-1. 78. 19523. 

Radon, Rn. 

86. 222. 

Uranium, U. 

92. 233-07. 
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but later altered it to Zr 2 0 3 . Gmelin, however, gave the oxide the 
formula ZrO. The vapour density of the chloride was determined 
by Deville and Troost by Dumas’ method, and found to be 8*16 
(air = 1). The molecular weight of the chloride must therefore be 
8*16 x 28*8 = 236, approximately, since the density of air (0 = 16) 
is 144. There must be at least four chlorine atoms in the molecule, 
since the vapour density is too great for ZrCl 3 . It is too small for 
ZrCl 6 , so the compound was probably ZrCl 4 . The atomic weight 
was thus four times the equivalent, 22*3, i.e., 89*2. This was later 
verified by specific heat observations, and by the fact that the 
compounds K 2 SiF e , K 2 SnF 6 , and K 2 ZrF 6 were isomorphous. The 
valency of zirconium must therefore be the same as that of tin and 
silicon, viz., 4. 

The atomic weight of selenium was derived from the fact that 
potassium sulphate, K 2 S0 4 , and potassium selenate, of which the 
formula must therefore be K 2 Se0 4 , were isomorphous. The amount 
of selenium in a given weight of the selenate was determined, and 
hence the atomic weight was found. 

(d) The Periodic Table . — The Periodic Table is a method of 
classifying the elements which has numerous advantages. Many 
systems of classification of the elements have been proposed, but 
most have proved unsatisfactory. The Periodic Table is by far the 
most satisfactory classification. 

In 1829, Dobereiner showed that if certain sets of three related 
elements, which he called triads, were considered, the atomic weight 
of the central element was the mean of the atomic weights of the 
extreme elements. Thus, the atomic weight of bromine (according 
to modem standards) is 79-916 ; the atomic weights of chlorine and 
of iodine aro 35*457, and 126*92, respectively. The mean of the last 
two is 81*188, which is not greatly different from the figure for 
bromine. The Law, which is called the Law of Triads, may also be 
tested with lithium, sodium, and potassium ; calcium, strontium, 
and barium ; sulphur, selenium and tellurium, and others. 

Dobereiner noted also another type of triad in which the elements 
were closely related, but possessed atomic weights very close to each 
other. Thus, iron, nickel and cobalt, form a related series, but their 
atomic weights are 55*84, 58*69, and 58*94, respectively. 

In 1863, Newlands found that when he arranged the elements in 
order of ascending atomic weight, commencing with hydrogen, every 
eighth element commenced a new series, the properties of the ele- 
ments at the same places in the various series being similar. Thus: — 


H 

Li 

Be 

B 

C 

N 

0 

F 

N a 

Mg 

A1 

Si 

P 

S 

Cl 

K 

Ca 

Cr 

Ti 

Mn 

Fe 
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This relationship he called the Law of Octaves . It was found, 
however, that it was not true for tho elements of higher atomic 
weight. It can be seen that even in the throe series given above 
there are certain anomalies, iron, for example, being classified with 
oxygen and sulphur. 

The law found little application, but in 1869 Mendeleeff, 1 quite 
independently of Newlands, put forward a law which was really an 
extension of the Law of Octaves. This Law, known as the Periodic 
Law , may be stated as follows : — 

The properties of the elements are periodic functions of the atomic 
weights . 

Mendeleeff arranged the elements in series to show this periodic 
recurrence in properties. Hydrogen had no analogue amongst the 
other elements, and was therefore placed in a group by itself. Then 
followed the first and second scries, each comprising seven elements 
(since the discovery of the inert gases, there are now eight elements 
in these series). Mendeleeff then found it necessary to have a long 
series, which consisted of two short series joined together by the 
chain of “ transition elements ” (e.g., ,Fe, Ni and Co), making 
together 18 elements. This was followed by a similar long series, 
and this again by a series of 32 elements. Tho remaining series 
required to finish the table is incomplete. A copy of the Table is 
given above. This has been drawn up to includo all the elements 
at present known, and therefore differs considerably from that 
proposed by Mendeleeff. 

It is not our purpose to enter into a lengthy discussion of the 
Periodic Table, as this is part of “ Inorganic Chemistry.” 2 For 
our present work, it is sufficient to notice that in the vertical columns 
are to be found elements that are more or less closely related, and 
that in any horizontal series the valency with respect to hydrogen 
increases from 1 to 4 (in Group IV.) and then decreases to 1 again. 
With respect to oxygen, the valency may increase all the way along 
the horizontal series from 1 to 7. In these statements, the transition 
elements in Group VIII. are omitted, and it should be noted that 
there are some exceptions. 

When Mendeleeff constructed the Periodic Table he found it 
necessary to place some elements in different groups from those into 
which they would have fallen aqcording to the values of their atomic 
weights, in order to place them with elements with which their 
properties were most in accord. Thus, the element indium had 

l In a paper giving an historical survey of the Periodic System, G* Elsen 
( Chem . Weekblad, 1930, 27, 378) states that a system approximating to that 
later proposed by Mendeleeff was put forward by one Cooke, as early as 1864. 

8 For a more complete account, the student is advised to see Sherwood 
Taylor's “ Inorganic and Theoretical Chemistry,” pp. 147-156. 
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always been supposed to be bivalent, and to have an atomic weight 
75*8. Its bivalency would bring it into Group II. with zinc, but 
this place is already occupied by strontium, and there is also no 
room for it between arsenic (75) and selenium (79). The atomic 
weight was therefore considered to be wrong, and on determination 
of the specific heat of the element, its atomic weight was found to 
be 1 14*5, confirming Mendeleeff’s view that it should be placed in 
Group III. 

As stated above, the atomic weight of beryllium was also corrected 
by this method. 

( e ) The Physical Method . — In this method, the relative amounts 
and respective atomic weights of the different isotopes present in 
an element arc determined. Within recent years it has become 
possible to determine atomic weights in this way to a degree of 
accuracy equivalent to that obtainable by ordinary gravimetric 
analysis. It has the additional advantage that only a very small 
amount of the element is required for a determination, and the 
substance used need not be pure. The method is described in detail 
later (§38). 

^£* 12 . Methods of Determining Vapour Densities.—- In § 11 the 

determination of vapour density has been referred to as being 
important in finding atomic weights. It is also a very valuable 
method of finding the approximate molecular weight of a substance 
in the gaseous state. 

The vapour density is the ratio of the masses of equal volumes of the 
vapour and of oxygen , the latter being taken as 16. 

v, There are several methods of determining vapour density, of 
which the most frequently used is that due to Victor Meyer. In 
this, the volume occupied by a known weight of vapour islletermined. 

The apparatus is shown in the accompanying figure (Fig. 8). 
A long tube usually made of glass, but sometimes, when higher 
temperatures are necessary, of porcelain, platinum, or quartz, has 
a bulb at one end. This tube is the one in which the substance 
is vaporised. It is surrounded by a jacketing tube made of suit- 
able material. A copper tube, even for comparatively low tem- 
peratures, is much more useful than a glass one, although the 
latter is more commonly used. Glass outer jackets are easily 
broken, whilst a copper one, though initially more expensive, is 
almost everlasting. The outer jacket contains some liquid boiling 
at a considerably higher temperature than the substance to be 
placed in the inner tube. Where a liquid is used, of which it is 
not desirable to allow the vapour to escape into the air, a con- 
denser may be fitted. A side tube is attached to the inner tube, 
bent as shown, and passed under water or mercury in a trough. 
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A graduated tube is filled with the liquid in the trough, and in- 
verted in it, over the end of the side tube. The substance is intro- 
duced into the vaporising tube in a small bottle of the shape 
shown. As these bottles are expensive and 
frequently lost, it will be found quite 
convenient to replace them with home- 
made small bulb tubes which have no 
stoppers. First, the inner tube is dried 
thoroughly, and a little asbestos pad 
placed at the bottom to break the fall of 
the bottle when it is put in. A liquid is 
placed in the outer jacket and heated to 
boiling until no air bubbles appear in the 
trough. While this is going on, the small 
tube is weighed, filled with the substance 
under investigation, and weighed again. 

The difference gives the weight of substance 
taken. The stopper of the vaporising tube 
is now removed, the graduated tube placed 
in position over the end of the delivery tube, 
the small bottle dropped in, and the vapor- 
ising tube re-closed. The stopper is immedi- 
ately blown out by the pressure of the vapour 
and bubbles of air are collected in the gradu- 8. — Apparatus for 

ated tube. The total volume of air pushed rtoto™SrVapour‘ 0 D e n* 
over is the volume of air displaced by the sities. 

vapour, and is therefore the volume of the 

vapour. The temperature of the room and the atmospheric pressure 
are taken, and the volume is also corrected for vapour pressure of 
water if the air displaced is collected over water. The density of the 
vapour in grams per c.c. is calculated, and also the density referred 
to oxygen as 16, from which the molecular weight can be obtained. 

The following is the calculation involved : Let the weight of 
substance used be W grams, and the volume of vapour, v c.c. Let 
the temperature of the room be t° C., and atmospheric pressure 
P mm. If the pressure of water vapour at this temperature is 
p mm., the actual pressure of the air collected is P - p mm. 

The corrected volume of air is V c.c., given by 

273 (P - p) v 



V 760 (t + 273 ) 

The density of the vapour in grams per c.c. is 


W 

V 


W 

The molecular weight of the vapour is 22,400 X y- 
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A number of modifications of Victor Meyer’s apparatus have been 
proposed, the best of which is that due to Lumsd en. Instead of 
measuring the volume of vapour obtainable from a given weight of 
liquid under atmospheric pressure, the volume is kept constant and 
the increase in pressure found. The apparatus is shown in the 
diagram (Fig. .9). The tube A is a large boiling tube fitted with an 
outlet at B, through which an air condenser passes. The inner 
tube C is the vaporising tube, and the heating liquid is placed in A. 
There is a capillary outlet to the inner tube at D, and two other 
openings at E and F which are closed when the apparatus is in use. 
The capillary D is connected to a manometer 6H, by means of a 





Condenser 


Fro. 9. — Apparatus for Lumsden’s Modification of Victor Meyer’s Method. 


rubber connection which should be wired on. There is a tap at I 
by means of which the contents of the apparatus may be put at 
atmospheric pressure. There is a fixed mark on the vertical limb 
of the manometer 6. 

For the heating, the boiling tube may be placed on an asbestos 
box, such as is used for the determination of the elevation of the 
boiling point (§ 238).. A few pieces of glass rod or porous plate are 
placed in the tube A, together with the heating liquid, and this is 
boiled. It is also advisable to protect the top of the inner tube 
from the heat of the burner (this apparatus is considerably smaller 
than the original Victor Meyer apparatus) by placing a piece of 
asbestos board over the stopper of the outer tube. During the 
preliminary heating the tap I is left open to the atmosphere. Enough 
mercury is poured into the manometer so that when the liquid is at 
the fixed inark in G, there is a little over the graduated portion in H. 
The preliminary heating is continued until, when the stopcock I is 
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closed, the mercury in G remains at the mark. This indicates that 
constant temperature has been reached. When this is the case, the 
small bottle (as used in the Victor Meyer apparatus), filled with 
liquid which has been weighed, is dropped in (asbestos having been 
placed in the inner tube to break its fall). As the liquid vaporises 
the pressure increases, and when a steady pressure is attained the 
tube H is raised to bring the mercury back to the mark on G. It is 
essential to keep the mercury near the mark by gradually raising H 
as the pressure increases. The difference in the two levels gives the 
increase in pressure. 

If a liquid of known molecular weight is available, the work is 
considerably simplified, and the molecular weight of any other easily 
vaporised liquid can be readily found. The increase of pressure 
produced by a known weight of the liquid of known molecular 
weight is found, and the increase which would be produced by 1 gm. 
molecule is obtained. The pressure produced by a known weight of 
the liquid under test is determined, and from this the number of 
grams of it which would produce the same pressure as 1 gm. molecule 
of the other liquid is calculated. This is the molecular weight. 

It need hardly be stated that all vapour must be removed from 
the apparatus after each determination. The easiest way to do 
this is to blow a current of air through the apparatus from a foot- 
bellows. 

To find the absolute molecular weight of a substance without 
making use of an auxiliary substance of known molecular weight, it 
is necessary to find the volume of the vaporisation tube. This 
may be done by filling it with water and emptying it out into a 
measuring cylinder and burette. Then the increase in pressure 
due to the vaporisation of a known weight of liquid is determined 
as before. 

The calculation is carried out as follows 

Volume of vaporisation tube . » . V c.c. 

Atmospheric pressure . . . . P mm. 

Increase in pressure due to vaporisation of W gms. of liquid = 
p mm. Consider what would have happened if the substance 
had been vaporised in an ordinary Victor Meyer apparatus, the 
pressure being atmospheric, i.e. = P mm. The volume of the air 
and vapour together would have been, say, V' c.c. In this 
(Lumsden’s) apparatus, however, the pressure is increased to 
P -f p mm., and the volume is thereby reduced to V c.c. Hence, 
by Boyle's Law, 


P y = (P+p) V. 
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But, the volume of air filling the apparatus at atmospheric pres- 
sure — V c.c. Hence, volume of vapour at atmospheric pressure = 
V' - V c.c., and 

V - V = pV/P, 

i.e.y the increase in volume due to the vapour would be equal to 
the increase in pressure multiplied by the volume of the vaporisation 
tube and divided by atmospheric; pressure. The weight of the 

vapour is known ; the above 
volume can readily bo corrected 
to N.T.P., and hence the vapour 
density and molecular weight 
can be; found. 

t Another method, devised by 
Dumas, consists in finding the 
weight of a known volume of 
vapour. 

A large; bulb of the shape 
shown in Fig. 10 is taken, and 
weighed full of air. It is then 
slightly warmed with its mouth 
under a little of the liquid in a 
Fig. 10. — Dumas* Apparatus for dish. On cooling a few c.c. of 
determining Vapour Density. ^ ^ be 

the apparatus. The bulb is then 
placed in a heating bath, and is conveniently held down by an 
iron ring, as shown in Fig. 10. The liquid in the heating bath is 
boiled, and when the last drop of liquid in the bulb disappears, 
the bulb is sealed off, care being taken to preserve any glass which 
may have been removed from the end. It is possible to seal the 
bulb without removing any glass. The bulb is now filled with the 
vapour of the liquid, and is reweighed, when cool. To find the 
volume of the bulb, the end is broken off under water, when the 
water rushes in, as the vapour will now be under considerably 
reduced pressure. On reweighing the bulb the weight of water 
which it contains can readily be found, and hence its volume. The 
temperature and pressure have to be taken (i.) when the bulb is 
full of air, and (ii.) when the bulb is filled with vapour and is about 
to be sealed off. 

Calculation . 

Weight of bulb full of air = W gms. 

Weight of bulb full of vapour = w gms. 

Weight of bulb full of water = W 1 gms. 

Temperature at commencement = t C. 
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Pressure at commencement = p mm. 

Temperature just before sealing off = T° C. 

Pressure just before sealing off — P mm. 

Volume of air filling bulb at t° C. and p mm. ■= W\ - W cc. 

Corrected volume =- ^ ^ 1 - ^ V.c.~- V c.c, 

7(i() (/ + 273) 

The weight of this volume of air = 

0*00129 V gins. 

Hence true weight of vapour filling 
bulb = w - W + 0 00129 V gins. 

But this filled the bulb at T° C. and 
P mm., and the volume of the vapour 
corrected to N.T.P. will be 

273 P(W, - W) 

700 ( T + 273) C ‘ C ' ^ 1 C '°‘ 

Hence density of the vapour at N.T.P. 

=- ( w - W +0*00129 V)fl\ gms./c.c. 

The error should not exceed 2 per 
cent. 

* A more modern form of the 
apparatus is shown in Fig. 11. This 
works on essentially the same princi- 
pie, and the results are calculated in Ff0 . 5J . -Modified Form of 
the same way. The wide outer vessel Dumas’ Apparatus, 

contains a liquid of higher boiling 

point than that of which the vapour density is required. The 
vapour of this liquid heats the bulb, and is condensed by a con- 
denser attached at A. The temperature is read by a thermometer 
passing through the lid of the vessel. This is a convenient form 
for carrying out determinations at the higher temperatures. 

2 » Another method which is sometimes used is that due to Hofmann, 
The principle of the method is to introduce a known weight of the 
liquid into the vacuum at the top of a barometer surrounded by a 
heating jacket. The liquid evaporates and its volume is measured 
by the depression of the mercury. 

The arrangement of the apparatus is shown in the accompanying 
diagram (Fig. 12). A small tube (that used for the Victor Meyer 
determination may be used here) is weighed empty, and then 
filled with liquid. It is sometimes possible to pour the liquid 
into these bottles, but if this is not possible, the filling is easily 
accomplished by warming a little with the mouth of the bottle 
under some of the liquid in a dish. On cooling, the liquid is 
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forced in. A piece of glass tube drawn out to a capillary may 
also be used as a pipette. The bottle is then introduced into the 
graduated barometer tube, the height of the mercury having been 
noted. When all the liquid has evaporated, the mercury will 
reach a constant level, the height of which is again read. The 


Condenser 



difference between the two gives the 
pressure to which the vapour is subjected, 
and the volume of the vapour will be the 
total volume of the space above the 
mercury. The temperature will be that 
of the heating jacket. The corrected 
volume of vapour is found ; its weight 
is known, and hence the density can be 
found. 

Calculation. 

Weight of bottle, empty = W gins. 

Weight of bottle filled 
with liquid = w gms. 

Hence, weight of liquid 
taken = w - W gms. 

Volume occupied by 
vapour = V c.c. 

Pressure = H - h mm., where H 


__ . is the initial, and h the final height of 

no. 12. — Hofmann s , i . . » . , 

Apparatus for determin- the mercury in the tube, 

mg Vapour Density. Temperature = T° C. 


Hence, corrected volume of vapour 


273 (H - h)V 
760 (T + 273) 
V x c.c. 


Weight of this volume = w - W gms. 

Hence, density = (w - W)/V x gms./o.c. 

The molecular weight of the vapour will be given by 22,400 X A 
where D is the density in gms./c.c. 

This method is capable of giving quite accurate results, but the 
apparatus is cumbersome, and difficult to arrange and read. It 
also suffers from the disadvantage that, in its ordinary form at 
any rate, it cannot be used for determining vapour densities at 
high temperatures. 

* In another method of determining vapour density, making use 
of the glass-spring tensimeter, the pressure exerted when a known 
weight of substance is vaporised at a known temperature is deter- 
mined. The apparatus is shown in Fig. 13. The vaporisation 
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bulb, A, is made of glass, or preferably of quartz, and has a flattened 
spiral tube, R, attached, which is connected to a quartz thread, 
C. The spiral tube and thread are surrounded by a glass vessel, 
which can be exhausted, and is supplied with a manometer. The 
volume of the bulb, A, is determined in a 
separate experiment, and a known weight 
of substance is placed in it. The bulb is then 
exhausted and sealed. On heating in a 
thermostat or furnace, the substance vapor- 
ises, and exerts a pressure which tends to 
open out the spiral glass spring, and causes 
a movement of the quartz thread, which 
can be observed through a telescope, or by 
means of a mirror, M, attached to the end 
of the thread. By admitting air to the 
vessel surrounding the thread and spring, the 
pressure inside and outside the spring may 
be made the same, when the pointer will 
return to its zero position. The pressure of 
air admitted is measured by means of the 
manometer, and gives the pressure inside 
the bulb. The temperature to which the 
bulb is heated must be determined with FlG ' 
accuracy, and this is best done by means of a 

platinum resistance thermometer, or a thermo-couple. The mass of 
vapour is known, and also the pressure it exerts when confined in 
a known space, so that the vapour density is readily calculated. 

13. Some Classical Experiments on combining Weights and 
Volumes. 

1. Composition op Water by Weight. — (a) Dumas' Method . — 
The rather difficult work of finding the ratio in which hydrogen and 
oxygen combine by weight was first taken up by Dumas in 1842. 
A diagram of the apparatus is given in Fig. 14. 

Hydrogen was made by the action of dilute sulphuric acid on 
zinc. The gas was impure, and an elaborate system of purification 
had to be devised. The gas was passed through a series of seven 
U-tubes containing (1) lead nitrate, to remove hydrogen sulphide ; 
(2) silver sulphate, to remove arsine, stibine, etc. ; (3) three tubes 
containing caustic potash, to remove acid vapours ; and (4) a tube 
of strong sulphuric acid cooled in ice, and a tube containing phos- 
phorus pentoxide to dry the gas. ' 

The purified gas was passed over copper oxide contained in a 
hard glass bulb tube. This tube was first disconnected from the 
apparatus, exhausted and weighed. After replacing the bulb tube, 
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all air was swept out of the apparatus by hydrogen, and the stream 
of hydrogen continued for ten to twelve hours, during which the 
copper oxide was heated by means of a spirit lamp. The hydrogen 
reduced the copper oxide to copper, and water was formed which 
was collected in a small bulb tube, followed by four drying tubes 
containing strong sulphuric acid on pumice, or phosphorus pentoxide, 
the object being to prevent the loss of any water vapour which 
might not have been condensed in the bulb. The bulb and drying 



Fig. 14. — Dumas’ Apparatus for determining the Composition of 
Water by Weight. 


tubes which had been weighed before the experiment were re- 
weighed at the end, the difference giving the weight of water 
produced. The copper produced was allowed to cool in a stream 
of hydrogen, and the bulb was then disconnected, exhausted and 
weighed. The difference in weight of this tube before and after 
the experiment gave the weight of oxygen removed, and which was 
now in the water. By subtracting this weight of oxygen from the 
weight of water produced, the weight of hydrogen in tho water was 
obtained. 

The result obtained, as a mean of nineteen experiments, 
was : — 


Hydrogen 

Oxygen 



Per cent, by weight. 

Combining ratio. 

. 

II 130 

88-8H4 

1*00 

7-98 


There are several sources of error in this experiment : — 

(1) A small quantity of air, dissolved in the sulphuric acid used, 
passed on with the hydrogen, and the oxygen present conse- 
quently combined with some of the hydrogen in tho hot copper 
oxide tube, 
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(2) The copper, on cooling in hydrogen, absorbed some of the gas. 

(3) The drying of the gas with strong sulphuric acid produced 
some sulphur dioxide, which on passing over the heated copper 
oxide with hydrogen lost its oxygen, water being formed. The 
sulphur remaining combined with the copper to form cuprous 
sulphide. 

S0 2 + 2H, -2H 2 0+S, 

2Cu +H .. C'U 2 S. 

Various improvements have been made in this method. Keiscr 
used hydrogen adsorbed in palladium. The gas was pumped over- 
heated copper oxide, the water formed being 
weighed. The weight of hydrogen used was 
obtained by weighing the; palladium before 
and after the experiment, and thus it was not 
necessary to weigh the copper (ixide. 

(b) Morley’s Method. — The classical experi- 
ment of Morley for the determination of the 
composition of water by weight is now taken 
as providing the most accurate ratio. Indeed, 
it has been said that this is the most accurate 
chemical research ever carried out. 

The gases, hydrogen and oxygen, were very 
carefully purified and weighed in glass globes. 

A tube was constructed of the form shown in 
Fig. 15, which has two drying tubes, aa, and 
two platinum jets, pp. The tube was ex- 
hausted and weighed. The gases were then 
passed into the apparatus, one down one side, 
and one down the other, and they were ignited 
at the platinum jets by passing sparks between 
the electrodes, ee. During the combustion, 
the tube was immersed in cold water, and at 
the end of the experiment it was placed in a freezing mixture to 
freeze the water produced. The excess gas was then pumped out 
of the apparatus, being dried on its way by the drying tubes, aa, 
and was analysed. The total weight of hydrogen and oxygen used 
was found to agree with the weight of water formed. 

The mean result of twelve experiments was : — 

hydrogen : oxygen = 1 : 7-9396 

= 1-0076:8-0000 

(c) Noyes' Method. — This method, which also gives very accurate 
results, was developed by Noyes in 1908. The apparatus is shown 



Fig. 15. — Morley’s 
Combustion Tube. 



40 


LAWS OF CHEMICAL COMBINATION 


in Fig. 16. Pure hydrogen was prepared by the electrolysis of 
barium hydroxide solution in an apparatus somewhat similar to 
that used by Burt and Edgar some time later in determining the 
volumetric composition of water (Fig. 17). The gas Vas passed into 
a tube containing palladium, the tube having previously been 
exhausted. Pure oxygen, also made by the electrolysis of baryta, 
was now pumped in, whilst the tube containing the palladium- 



hydrogen was heated. Combination of the hydrogen and oxygen 
took place, with the formation of water, which was collected in a 
cooled tube, weighed before and after the reaction. The gases left 
in the tube were pumped off and weighed. The weight of hydrogen 
in the water was given directly by the difference in weight of the 
palladium before and after the experiment, whilst the weight of 
oxygen was obtained by finding the weight of water, and subtracting 
the weight of hydrogen from it. As a mean of several experiments, 
the ratio of the weights of hydrogen to oxygen in water was found 
to be 1*0078 : 8. 

2. The Composition of Water by Volume. — This was a some- 
what easier problem than the determination of the gravimetric 
composition, and consequently we find that it was determined much 
earlier than the latter. In 1781, Cavendish made a determination 
using the explosion method, and obtained, as a result, the ratio 
hydrogen : oxygen = 202 : 100. In 1801, Nicholson and Carlisle 
discovered that water could be decomposed by passing an electric 
current through it, and Cruickshank collected the gases and found 
the ratio of their volumes. 

Gay-Lussac and Humboldt, in the course of their experiments on 
the combining volumes of gases which ultimately led to tho Law of 
Gaseous Volumes, found the ratio hydrogen : oxygen to be 199-89 : 
100, and Bunsen found 200 : 100. 

The most accurate of the experiments made on the determination 
of this combining ratio during the last century were those of 
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Alexander Scott, between 1887 and 1893. The hydrogen was 
obtained by passing steam over sodium, and the oxygen by heating 
silver oxide. The purified gases were exploded, and the ratio found 
was hydrogen : oxygen = 200*285 : 100. 

By converting the weights in Morley’s experiment to volumes 
by means of the known densities of the gases, the ratio obtained 
was 200*269 : 100. 

The most accurate research carried out for the determination of 
the volumetric composition of water was that of Burt and Edgar 
(1915). The gases were obtained in a specially pure state by the 
electrolysis of barium hydroxide solution in the apparatus shown 
in Fig. 17. 

The hydrogen was dried by passing over caustic potash and 


+ 



phosphorus pentoxide, and then further purified by one of two 
methods : either by passing the gas over coconut charcoal cooled in 
liquid air, which absorbs oxygen and nitrogen, but hydrogen hardly 
at all, or by passing through a tube containing palladium black, 
which causes the combination of any oxygen present with hydrogen, 
to form water catalytically. The gas was then passed through a 
palladium membrane heated electrically. This is permeable to 
hydrogen, but not to any other gas. 

The oxygen was prepared in the same apparatus, being passed 
out from the anode side of the U-tube, liquefied and fractionated. 
Another method was sometimes used to obtain the oxygen, viz., the 
action of heat on pure potassium permanganate, washing the gas 
with strong caustic potash solution, baryta solution, and again with 
potaslt It was then dried, liquefied and fractionated. 

The gases, obtained in this way in a state of high purity, were 
passed into a Special explosion apparatus, for details of which the 
original paper must be consulted. The special advantage of the 
apparatus was the fact that the actual determinations were carried 
out at 0° 0., and under a pressure of 1 atmosphere, thus avoiding 
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temperature and pressure corrections. As a mean of fifty-nine 
experiments, the ratio found was hydrogen : oxygen = 2-00288 : 1 
at N.T.P. 

This is regarded as the most accurate value yet obtained for the 
volumetric composition of water. 

It is interesting to note that the variations in the results obtained 
by these methods may bo explained, at least partially, by the 
existence of a heavy isotope, H 2 , and of heavy water. Some doubt 
is thrown upon the accuracy of all the experiments described owing 
to a lack of knowledge of how far the heavy isotope was separated 
from the hydrogen used. 

In ordinary hydrogen, the ratio of the masses of the light H*, to 
the heavy H*, is given by Rutherford as 6,500/1. Thus 6,501 mg. 
of the mixture will react with the same weight of oxygen as 6,500 mg. 
of the Hg gas, which makes a difference of nearly 0-0002 in the 
equivalent. The results of Morley and Noyes are 1-0076 and 
1 -0078 respectively, showing a degree of uncertainty not far from 
the 0-0002 mentioned. Presumably the preparation of hydrogen 
by electrolysis, or by the action of acid on zinc, lowers the proportion 
of Hg or H*H 2 in the gas, for heavy water is obtained from the 
residues of electrolysis experiments. The effect of adsorption in 
palladium on the relative proportions of the isotopes, is at present 
unknown. 
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Summary 

The Law* of Chemical Combination comprise : — 

1. The Law of Conservation of Matter (Lavoisier, 1774), — “ The total 
amount of matter in the universe is unaltered, whatever changes take 
place in its distribution." 

The Law was verified by Landolt. It is not strictly true owing to 
loss of mass in radiation. 

2. The Law of Constant Proportions (Proust, 1 799). — “ When com- 
bination takes place between elements, it is in definite proportions by 
weight, so that the composition of a pure chemical compound is inde- 
pendent of the method by which it is prepared." 

The converse of this Law is not true, owing to the existence of 
isomerides. 

3. The Law of Multiple Proportions (Dalton, 1803). — “When two 
eloments, A and B, combine to form more than one compound, the 
weights of A which combine with a fixed weight of B are in the pro- 
portion of small whole numbers." 

4. The Law of Reciprocal Proportions (Richter, 1792-94). — “The 
weights of two or more substances which separately react chemically 
with identical weights of a third are also the weights which react with 
each other, or simple multiples of them." 

From this follows the Law of Equivalent f, which states that “ sub- 
stances combine together in the ratio of their equivalents." 

The equivalent of an element or compound is defined as the weight of 
it which will combine with, or displace, 8 parts by weight of oxygen. 

The standard used in the determination of equivalents and atomic 
weights is the oxygen standard. Its advantages over the older hydrogen 
standard are (1) as it is easier to make compounds with oxygen than 
with hydrogen, atomic weights were usually determined through 
oxygen. Any error in the atomic weight of this element meant re- 
calculation of many others ; and (2) the hydrogen atom is very light, 
and experimental errors are therefore magnified. 

The chief methods for determining equivalents are : — 

(1) Determination of the volume of hydrogen liberated by a known 

weight of the element from an acid or alkali. 

(2) Determination of the weight of the substance that will combine 

with 8 gms. of oxygen. 

(3) Determination of the weight cf silver necessary to precipitate a 

known weight of the chloride of the element. 

(4) By displacement of another element of known equivalent from 

combination. 

(5) By conversion into another compound. 

(0) By volumetric methods. 

5. The Law of Combining Volumes (Gay-Lussac, 1808). — “When 
gases combine, they do so in volumes which bear a simple relationship 
to each other, and to the product if that is also gaseous." 

The atomic theory of Dalton assumed that : — 

(a) Elements are made up of atoms, which are indestructible. All 

atoms of the same element have the same weight, and are 

similar in size and shape. 

(6) Compound atoms are formed by the union of elementary atoms 

in simple proportions. 
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Consideration of the Law of Combining Volumes led Avogadro to put 
forward his Hypothesis, which states that “equal volumes of gases, 
under the same conditions of temperature and pressure, contain the 
same number of molecules.'* 

The chief methods of determining atomic weights are : — 

1. Gaseous Elements. — Determination of density, and use of the 
relationship, vapour density = moleoular weight/2, after correction for 
deviations from the Gas Laws. 

Gas densities are determined by : — 

(а) RegnauWs method of direot weighing of a known volume of the 

gas. 

(б) Guye and Pintza's Volumeter method of finding the volume of a 

known weight of gas. 

(e) The buoyancy method , using a micro-balance. 

2. Liquid Elements . — Conversion into vapour, and proceeding as in 1 ; 
use of methods for solid elements. 

3. Solid Elements. — Determination of equivalent, and use of the 
relationship, equivalent x valency = atomic weight. Valency can be 
found : — 

(а) By finding the vapour density and molecular weight of a volatile 

oompound. 

(б) By the specific heat method. Specific heat x atomic weight 

6*4 (approx.). 

Other methods include the use of the Law of Isomorphism, which 
states that compounds which have identity of crystalline form have 
similar chemical formulas. This has been used in finding the atomic 
weights of silver, vanadium, beryllium, zirconium, selenium. The 
Periodio Table has also been useful in the correction of atomic weights, 
particularly those of indium and beryllium. 

The physical method of determining the isotopic composition of an 
element is now finding considerable application. 

The vapour density of a substance may be determined by the following 
methods : — 

(а) Victor Meyer’s method of finding the volume of a known mass of 

vapour. 

(б) Dumas’ method of finding the mass of a known volume of 

vapour. 

(o) Hofmann’s method, using a barometer tube. 

(d) Use of the glass-spring tensimeter. 

Some Classical Experiments on Determination of Combining Weights 
and Volumes. — The composition of water by weight was determined by 
Dumas by oxidising the hydrogen by means of copper oxide, and 
weighing the copper and water produced. 

Morley burnt oxygen and hydrogen and weighed the water produced. 
A similar method was used by Noyes . 

The composition of water by volume was determined by Cavendish, 
Gay-Lussac, Alexander Scott, and Burt and Edgar, The results 
were: — 

Composition by weight Composition by volume 

H : O H :0 

Dumas • • 1*002 : 8*00 Cavendish . 2*02 : 1 

Morley • . 1*0076 : 8*00 Gay-Lussao • 1*0989 : 1 

Noyes • • 1*0078 : 8*00 Scott . 2*00285 : 1 

Burtand Edgar 2*00288 : ) 
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It 10 not to be expected that the results will agree oloser tnan tbuu 
owing to the existence of the hydrogen isotope. 

SUGGESTIONS FOR PRACTICAL WORK 

Experiment 1. — Determine the equivalents of 

(а) Zinc by replacement of hydrogen in an acid (p. 9). 

(б) Copper by the displacement method (p. 11)- 

(c) Tin by action of nitric acid and formation ot stannic oxide (p. 9). 

(d) Sodium by the silver chloride method (p. 1 0)- 

Experiment 2. — Determine the density of carbon dioxide. 

A round-bottomed flask is provided with a well-fitting rubber stopper, 
through which passes a piece of glass tubing closed with a piece of 
rubber tubing bearing a clip (Fig. IB). Weigh the flask full of air, 
noting temperature and pressure. Now fill the flask with dry carbon 
dioxide, close it, and weigh again. Now open the 
clip with the tubing under a strong solution of 
caustic soda (1 in 3). The solution enters the 
flask, occupying the volume previously taken up 
by the gas. There will be a residual bubble of 
air, which will be under reduced pressure. For 
accurate results the level of the liquid inside and 
outside the flask should be the same before closing 
the clip, but if this is impracticable, the error will 
be small. Note the volume of the soda solution 
that entered. For this experiment it is necessary 
to know the weight of 1 c.c. of air. The results are 
easily worked out (correct for temperature and 
pressure). If the weight of 1 c.c. of air is not 
assumed, the flask must be carefully evacuated 
and weighed before filling with carbon dioxide. 

Experiment 3. — Determine the density of 
ammonia. 

For this experiment standard solutions of Figl 18. — Apparatus 
sulphuric acid and of sodium hydroxide are re- for Experiment 2. 
quired. The flask, which should be of the type 
used in Experiment 2, must be filled with ammonia (a gas lighter than 
air). It is then opened under normal sulphuric acid, which enters the 
flask, and the clip is closed. The volume of acid entering is noted. 
The weight of ammonia in it is determined by titrating the excess of 
acid with normal caustic soda. 

Experiment 4. — Determine the vapour density of chloroform by 
Victor Meyer’s method. (See § 12.) 

Experiment 5. — Determine the vapour density of benzene by Lums- 
den’s method. (See § 12.) 

(a) Comparative Method . — Assuming the molecular weight of ether to 
be 74, it is possible to find that of benzene very easily with Lumsden’s 
apparatus. Weigh empty a small vapour density bottle ; then fill it 
with ether and weigh again. The difference between these two weights 
gives the weight of ether taken. Put water into the outer jacket and 
boil, proceeding as stated above until a constant temperature has beer 
attained. Then introduce the bottle, shut the tap, and determine the 
increase in pressure. Clean out the apparatus by blowing a ourrent oi 
air through, and then repeat exactly as above for benzene. Tb* 
calculation of the result has been indicated above >2). 
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(6) Absolute Method . — The volume of the vaporising tube is first 
found, and the increase in pressure due to tho vaporisation of a known 
weight of benzene is found just as before. The result is calculated as 
indicated above (§ 12). 

Experiment 6. — Determine the vapour density of acetone by Dumas’ 
method. (See § 12). 

Experiment 7. — Determine the atomic weight of carbon. 

The problem resolves itself into two parts : (a) the determination of 
the equivalent of carbon, and (6) the determination of the valency of 
carbon by finding the vapour density of its chloride, t.e., carbon tetra- 
chloride. 

(a) Determination of the Equivalent of Carbon . — It is this part of the 
work that must be done with as great accuracy as possible. 

For this purpose, a known weight of pure carbon is burnt in oxygen 
and the amount of carbon dioxide formed is weighed. From this it is 
easy to calculate the equivalent of carbon. 

It is first necessary to prepare a pure form of carbon. One of the 
bost for this purpose is sugar charcoal, which is easily made by acting 


Dry 0 2 



Fns. 19. — Apparatus for determining the Equivalent of Carbon. 

on cane sugar with strong sulphuric acid. The sugar chars, losing 
water and becoming converted into a form of carbon. The mass is 
mixed with water and boiled in order to dissolve out any unchanged 
sugar, and is then filtered off. The washing is continued with hot 
water for some time in order to make quite certain that all unchanged 
sugar has been removed. The charcoal is then carefully dried in an air 
oven, heated to 110° C. Abuul $ gm. of this charcoal is weighed out 
into a porcelain boat containing some black copper oxide, which is 
placed in a combustion tube (Fig. 19). The tube is connected at one 
end with a source of dry oxygen. This may be an aspirator containing 
oxygen, or, better, a cylinder, the gas being dried by strong sulphuric 
acid. The other end of the tube is connected to a series of potash 
bulbs, which are half filled with 30 per cent, potash, and a calcium 
chloride tube, which are weighed at the beginning of the experiment. 
The carbon is now heated to redness in the combustion tube, and a slow 
stream of oxygen is passed over. The stream of gas should be slow 
enough for the bubbles passing through the bulbs to be counted with 
ease. When all the carbon has disappeared, the potash bulbs are 
weighed again. The increase in weight gives the weight of carbon 
dioxide absorbed. Knowing the weight of carbon from which this 
originated, it is easy to calculate the equivalent of the element. In 
order to sweep all the carbon dioxide out of the tube, it is necessary to 
pass dry air (carbon dioxide free) through the tube for a few minuter 
after all the oarbon has disappeared. 
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The second step, that of finding the valency of carbon, has now to be 
undertaken. 

(6) Determination of the Vapour Density of Carbon Tetrachloride* — It 
is essential to use pure carbon tetrachloride. The method used can be 
either that of Victor Meyer or that of Lumsden. As the boiling point of 
carbon tetrachloride is about 77° C., it is necessary to use water, or some 
heating liquid with a boiling point oven higher than that of water 5 in the 
outer jacket. The details for this determination are described in $ 12. 

Having found the vapour density of the chloride, its molecular weight 
can be found, and, knowing the equivalent, the valency is found as 
described above (§11, 3a). 

Experiment 8. — Determine the atomic weights of silver, potassium, 
chlorine, bromine, iodine, sodium and lithium, by methods due to Stas. 

Although methods are given for the complete determination of the 
atomic weights of all the above elements, the experiment need not be 
carried to completion if there is insufficient timo. The experiment is 
easily stopped at any stage. 

It is assumed that the atomic weight of oxygen is 16. The method 
involves the determination of the following ratios ; — 

KC1 : O 
KC1 : Ag 
AgCl : Ag 
AgBr : Ag 
Agl : Ag 
NaCl : Ag 
LiCl : Ag. 

(a) Determination of the Formula Weight of KCl. — Weigh out into a 
crucible of known weight about 1 gm. of potassium chlorate, and heat, 
at first gently, then more strongly over a Bunsen until all oxygen is 
evolved. Allow to cool and weigh. Then reheat for five minutes and 
weigh again. Repeat this process until a constant weight is reached. 
The weight of KCl which combines with 48 gms. of oxygen is then 
calculated, and is the formula weight required. Great care must be 
taken to avoid loss of chlorate. 

(b) Determination of the Ratio KCl : Ag . — Weigh out about 2-5 gms. 
of silver foil, and dissolve it in slight excess of dilute nitric acid. Make 
the solution up to 500 c.c. This solution will serve for a number of the 
further determinations. Make a standard solution of KCl of such 
strength that the potassium chloride and silver nitrate solutions are 
roughly equivalent. Take 25 c.c. of the silver solution, and titrate it 
with the standard KCl without the use of an indicator (remember that 
the AgNO* is still somewhat acid). In this way calculate the amount 
of KCl combining with a given weight of silver, and hence obtain the 
ratio 

KCl : Ag. 

Since we know the formula weight of KOI (O =* 16) we have the atomio 
weight of silver. 

(e) Determination of the Ratio Ag : AgCl. — Take 100 c.c. >f the silver 
solution and add to it a slight excess of dil. HC1. Boil for a short time, 
decant off the liquid from the ppt. of silver chloride, and wash the 
precipitate by decantation. Filter off through a Gooch crucible, the 
weight of which is known. Take care to keep the precipitate from the 
light. Wash thoroughly and dry the Goooh and precipitate in an oven, 
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and weigh again. The difference is the weight of silver chloride . 
Knowing the weight of silver in the original solution, we obtain the 
ratio Ag : AgCl, and knowing the atomic weight of silver we can get the 
formula weight of silver chloride, and henoe the atomic weight of 
chlorine. 

(d) Determination of the Ratio Ag : AgBr, and Ag : Agl. — In each case 
take 100 o.c. of the silver solution and add a slight excess of potassium 
bromide and potassium iodide respectively. Filter off the precipitates 
of silver bromide and silver iodide, proceeding exactly as above. In 
this way we obtain the ratios Ag : AgBr and Ag : Agl, and knowing the 
atomic weight of silver the formula weights of the bromide and iodide 
can be found, and hence the atomic weights of the elements. 

(e) Determination of the Ratios NaCl : Ag, and LiCl : Ag. — Instructions 
are given for the ratio NaCl : Ag. The other determination is exactly 
the same except that lithium is to be substituted for sodium. 

Tako about £ gm. of pure sodium chloride (accurately weighed) and 
dissolve it in 100 c.c. of water. Then titrate this solution against the 
silver solution already prepared. As this is slightly acid it is necessary 
to titrate without an indicator. The result of this titration will give 
the amount of sodium chloride corresponding to a given weight of 
silver, and hence the ratio NaCl : Ag can readily be found. Knowing 
the atomic weight of chlorine, the atomic weight of sodium is found by 
subtraction. In this way the atomic weights of almost any elements 
can be found. We have given here examples of the determination of 
seven atomic weights by simple quantitative analysis. It will be noted 
that they all depend on the atomic weights of silver and chlorine, and 
hence a slight error in the determination of one of these will cause an 
error all the way through. 

Summary of Results. 

KC1 : O ■= 4-659 : 1-000 Formula weight of KCl = 74-557. 

KC1 : Ag = 0-690 : 1-000. Atomic weight of Ag = 107-88. 

AgCl : Ag = 1-327 : 1-000. Atomic weight of Cl = 35-457. 

AgBr : Ag = 1-740 : 1-000. Atomic weight of K =* 39-10. 

Agl : Ag = 2-176 : 1-000. Atomic weight of Br — 79-916. 

NaCl : A g = 0-542 : 1-000. Atomic weight of 1 = 126-92. 

. LiCl : Ag *= 0-392 : 1-000. Atomic weight cf N a = 22-997. 

- Atomic weight of Li = 6*940. 

Experiment 9. — Determine the atomic weight of copper, making use 
of Dulong and Petit’s Law. 

The method resolves itself into two parts. First, the determination 
of the specific heat of copper, and secondly, the determination of the 
equivalent of the metaL 

(a) Determination of the Specific Heat of Copper. — It is not necessary 
to determine the specific heat with any great accuracy, as the Law of 
Dulong and Petit is at the best only approximately true. For chemical 
purposes, it is essential to use glass calorimeters, as often the heats of 
reaction of substances which would attack metal have to be found. 
For this purpose, two beakers are chosen which fit one inside the other. 
A layer of felt is placed between the two, and in this way a fairly good 
glass calorimeter may be made. A much more satisfactory method, 
however, is to use small thermos flasks as calorimeters. These are quite 
cheap, and are extremely useful for tbermochemioal determinations. 
First of all the water equivalent of the calorimeter has to be determined. 



PRACTICAL WORK 


49 


This may be done by heating a known weight of water to, say, 50° C. f 
and pouring it into a known weight of water in the calorimeter, and 
noting the highest temperature attained. From these weights and the 
temperature, the water equivalent of the calorirnetor can be calculated, 
and when once determined is best noted on a label which is attached 
to the calorimeter. This saves further determination later on. To 
determine the specific heat of copper, a piece of copper is weighed, and 
heated to 100° C., by placing it in a test-tube heated for five minutes in 
boiling water. A piece of thread should be attached to the metal to 
facilitate its removal from the tube. The temperature of a known 
weight of water in the calorimeter is taken, and the hot piece of copper 
is carefully lowered into the water as quickly os possible. The water i« 
stirred, and the highest temperature reached is recorded. There is no 
need to take into acooimt the cooling correction of the calorimeter, as it 
is not necessary to get an extremely accurato rosult. The specific heat 
of the copper can then be found as shown below. 

Calculation of the Water Equivalent of the Calorimeter . — Let the water 
equivalent bo W ; let the mass of water in tho calorimeter initially bo 
w 1 gms., and its temperature t x ° C. Let the mass of water added bo 
w t gms., and its temperature t t ° C. Let the final temperature bo 

C. 

The amount of heat given out by the addod water is w % (t % — t z ) 
calories. 

The amount of heat taken up by the calorimeter and contents is 
(W + Wj) (t t — t x ) calories. 

Hence (W -f- w x ) (f 3 — t x ) = w 2 (t 2 — *,). 

W is the only unknown in this equation, and is readily calculated. 

Calculation of the Specific Heat of the Copper. — Lot tho weight of tho 
copper be w 9 gms., and the weight of water in the calorimeter w A gms. 
Let the initial temperature of the water be t A °C., and the final tempera- 
ture lj° C. The copper is cooled from 100° C. to t 5 ° C., and, if its 
specific heat is b, the amount of heat given out is w 9 a (100 — t a ) calories. 
The water and tho calorimeter are heated from t A ° C. to < 5 ° C., and the 
amount of heat thus taken up is (W + w i) (*5 — **) calories. These 
two amounts are equal. Thus 

w 9 b (100 — t A ) « (W + w A ) (< 8 — f 4 ), 

and from this equation s can be calculated. # 

(6) Determination of the Equivalent of Copper . — This is best done by 
converting a known weight of metal into the oxide, and then calculating 
the weight of metal which will combine with 8 gms. of oxygen. 

Weigh out accurately about 0-5 gm. of copper turnings, and dissolve 
in as small a quantity of 1:1 nitric acid as possible During this 
operation, which should be carried out in a beaker, care should be taken 
to prevent loss by spirting. Heat the liquid, which should be diluted 
to about 100 o.c. with distilled water, to boiling, and then add boiling 
caustio soda solution until present in excess. Boil the liquid and allow 
the precipitate to subside. The colour of the liquid above the precipi- 
tate should not be green. Decant the liquid through a previously 
prepared and weighed Gooch crucible, wash tho precipitate in the 
beaker twice with boiling distilled water, and then transfer it to the 
Gooch, Continue to wash till the washings give no precipitate with 
silver nitrate. Dry the Gooch in the steam oven, place it inside a nickel 
crucible, and heAt to redness. After about fifteen minutes it is allowed 
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to oool, and is reweighed, the difference in weights giving the weight of 
copper oxide formed. From this the equivalent of the metal is readily 
calculated. 
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QUESTIONS 

(The atomic weights used throughout this book are those given in the 
Table on p. 754.) 

(1) Describe an experiment which could be carried out in the labora- 
tory to verify the Law of Constant Proportions for one compound. 

(.') How would you determine the equivalent of potassium ? 

(3) How has the Law of Conservation of Matter been verified ? 
What are the modern views as to the exactness of this Law ? 

(4) In what way does the existence of isotopes affect the Law of 
Constant Proportions ? 

(5) What wore the assumptions of Dalton’s atomic theory ? How 
did the term “ molecule ” arise ? 

(0) What refinements would you introduce into the ordinary labora- 
tory method of determining the volumetric composition of sulphur 
dioxide to make it one of greater accuracy ? 

(7) Give an account of tho work of Stas on the determination of 
equivalents and atomic weights. 

(8) Describe the various methods available for determining the 
atomic weight of an element which does not form volatile compounds. 

(9) The following facts are known concerning a solid element : — 

(a) Combined with oxygen it gives a base. 

(b) Its specific heat is 0-119. 

(c) 10-00 Gms. of the element will unite with 4*298 gms. of oxygen. 

(d) 8-00 Gms. of the element will combine with 10*169 gms. of 

chlorine. 

What conclusions can be drawn from each of these data concerning 
the atomic weight of the element ? 

(10) In a recent determination of the atomic weight of iodine, a known 
weight of silver iodide was converted into silver chloride, which was 
weighed. In three sets of experiments, the following results were 
obtained ; — 

Wt. of Agl. Wt. of AgCl. 

14*41889 8*80228 

17*91664 10-93678 

10*72744 .. .. .. 0-64879 
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the weights being given in grams. Assuming the atomio weights of 
silver and of chlorine to be 107*88 and 35*457 respectively, calculate the 
atomic weight of iodine from these data, correct to three places of 
decimals. 

{11) In the determination of the atomic weight of lanthanum by 
Baxter and Behrens (J. Amer. Chem . Soc. f 1932, 54, 591), pure lanthanum 
bromide was added to silver nitrate and the precipitated silver bromide 
weighed. The following are some typical results : — 

Wt. of LaBr a . Wt. of AgBr. 

4*01000 5*90743 

5-19186 7*72475 

6*67727 9*78548 

the weights being given in grams. Assuming the atomio weights of 
silver and bromine to be 107*88 and 79*916 respectively, calculate the 
atomio weight of lanthanum. 

(12) Roscoe, in determining the molecular weight of vanadium 
chloride (1878) used Dumas’ method, with the following results: 
weight of globe full of air (9° C., 760 mm.), 24 4722 gms. ; weight of 
sealed globe (9° C., 760 mm.), 25*0102 gms. ; temperature of bath 
when sealing globe, 215° C. ; height of barometer when sealing globe, 
762 mm. ; weight of globe full of water, 194*00 gms. Calculate the 
molecular weight of vanadium chloride (1 c.c. of air at N.T.P. weighs 
0*001293 gms.). 

(13) In the determination of the molecular weight of chloroform 
vapour by Hofmann’s method, the following results were obtained ; 
weight of liquid in bulb. 0*2704 gms.; volume of vapour, 110 c.c.; 
temperature of vapour, 99*6° C. ; atmospheric pressure, 747 mm. ; 
height of mercury in the tube. 285*2 mm. Calculate the molecular 
weight of the chloroform. 

(14) Honigschmid and Sachtleben (Z. anorg . Chem., 1931, 195, 207) 
determined the atomic weight of sulphur by synthesising silver sulphide 
from its elements. Some of the results are given below : — 

Wt. of Ag (gms.). Wt. of Ag 2 S (gms.). 

7*90291 9*07742 

9*74522 11*19355 

10*75224 12*35021 

9*84439 11*30748 

Calculate the value of the ratio Ag^S : 2Ag, and thence the atomio 
weight of sulphur (Ag = 107*880). 

(15) Baxter and Bliss (J. Amer . Chem. Soc., 1930, 52, 4848) deter- 
mined the atomio weight of lead from various sources with the following 
results : — 


Sample . 

Wt. of PbCl 2 . 

Wt. of Ag. for complete 
precipitation. 


gms. 

gms. 

Common 

. 2*74332 . 

. 2*12809 


3*60741 . 

2*79852 

Kolm • 

. 1*61294 . 

. 1*25678 


1*60407 . 

. 1*24983 

Uraninite 

.. 3*74779 . 

. 2*91608 


5*63102 . 

4-38436 


Calculate the atomic weight of lead from each source, and explain the 
results (see $ 41). 
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ATOMIC STRUCTURE— PART I 

14 The Conduction of Electricity through Liquids. — The discovery 
of the Voltaic pile in 1800 marked the opening of a new epoch in the 
history of physics and chemistry. The working of the cell itself 
was a matter of great interest, and involving as it did the passage 
of a current through a liquid, research was very soon centred on 
this aspect of the subject. Indeed, in the year 1801 , Nicholson and 
Carlisle, as mentioned in the previous chapter (§ 13), decomposed 
water by passing the electric current through it. 

The chief investigator in this branch of science at this time was 
Sir Humphry Davy, who prepared the alkali metals, sodium and 
potassium, by electrolysis of the moist hydroxides, i.e., strong 
solutions of the hydroxides. This work was done in the years 
1807-8. During this time, Berzelius and Hisinger, in Sweden 
(1803-7), had been studying the effect of passing the current 
through solutions of neutral salts, using various electrodes, and 
noting the products. In this way, during the first decade of the 
nineteenth century, a large amount of qualitative data was obtained. 
So far no quantitative explanations had been given. It was Faraday 
who first established the quantitative relationship between electricity 
and atomic weight in his two Laws of Electrolysis, put forward in 
1834. These Laws state : — 

(1) For equal quantities of electricity , the amount of decomposition 
is constant, or the amount of decomposition caused in electrolysis is 
proportional to the quantity of current passed (quantity of current is 
the current multiplied by the time for which it is passed, and is 
measured in coulombs, or amp&re-seconds). 

(2) For the same quantities of electricity passed through different 
solutions , the amount of decomposition is proportional to the equivalent 
of the element , or group deposited. Thus, if the same current is 
passed successively through solutions of copper sulphate, silver 
nitrate, and lead nitrate, as can easily be done by connecting the 
three cells in series, the amounts of the metals, copper, silver and 
lead deposited, will be in the ratio : 31*785 : 107*88 : 103*61. If the 
same amount of current is passed through solutions of ferrous and 
ferric sulphates, the amounts of iron deposited will be in the ratio 
27*82 : 18*61. 
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Sidgwick has pointed out that actually these laws of electrolysis 
correspond exactly to the laws of constant and multiple proportions. 
We now believe that the current is carried through the solution by 
means of ions, which are charged atoms or groups. The above laws 
may be rewritten in more modern language : (1) the amount of 
electricity associated with an ion is constant ; and (2) if an atom 
can form moos than one type of ion (e.g., ferrous and ferric, cuprous 
and cupric) then the amounts of electricity combined with the same 
atom bear a simple ratio to one another. 

In the case of any electrolyte it follows from the first law that 

W = Izt, 

where W is the weight of substance liberated, I is the current, and t 
the time for which the current flows, z is a constant, called the 
electro-chemical equivalent. It is characteristic of each element or 
group. 

From the second law it follows that one equivalent of any sub- 
stance will be liberated by a certain quantity of electricity. This 
has been determined experimentally to be 96,500 coulombs ( ± 0-01 
per cent.), and is given the name of " the' Faraday." It was found 
with great accuracy by Washburn and Bates in 1912, using the 
iodine couiometer. In this, the amount of electiioity to liberate one 
equivalent of iodine was determined. Initially, the value of the 
Faraday was determined by the silver voltameter. 

The value of the Faraday is an important physico-chemical 
constant, for, as we shall see later, we can calculate from it Avo- 
gadro’s Number, the number of molecules of a substance in a gram- 
molecule. 

Although it seems so clear, it is surprising that from 1834 until 
1881 nobody noticed that if Faraday's Laws were true, then elec- 
tricity, like matter, was not continuous, but discrete, being made up 
of small units. It was Helmholtz who first pointed this out in his 
famous Faraday Lecture, delivered before the Fellows of the 
Chemical Society, in London, on April 5th, 1881. He said : “ Now 
the most startling result of Faraday's Laws is perhaps this. If we 
accept the hypothesis that the elementary substances are composed 
of atoms, we cannot avoid concluding that electricity also, positive 
as well as negative, is divided into definite elementary portions 
which behave like atoms of electricity." 

Thus was born the idea of the “ electron ” — the atom of electricity. 
Helmholtz did not use this term. It had, in fact, been stated by 
6. Johnstone Stoney in 1874, though not published until 1881, that 
“ Nature presents us with a single definite quantity of electricity 
which is independent of the particular bodies acted upon. To make 
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this clear, I shall express Faraday’s Law in the following terms, 
which, as I shall show, will give it precision, viz. : For each chemical 
bond which is ruptured within an electrolyte a certain quantity of 
electricity traverses the electrolyte, which is the same in all cases.” 
The same person gave the name “ electron ” to this “ single definite 
quantity of electricity ” in 1891. 

All this, however, had to do with electrolytes, i.e. # solutions of 
metallio salts in water, and it did not follow that this unit of elec- 
tricity had anything whatever to do with the structure of matter. 
It must be clearly understood that Faraday’s Laws lead only to the 
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Figs. 20 and 21. — Appearance of the Electric Discharge through a Gas- 

conclusion that there exists a fundamental unit of electricity, and 
that this is in some way connected with valency, for a univalent ion 
bears one, a bivalent ion two, a tervalent ion three, and so on, of 
these units. It did not show at all that these units enter into the 
composition of the atom, as we now believe. 

The next step in the unravelling of the structure of matter came 
from observations on the conduction of electricity by gases, and the 
study of radioactivity. 

15. The Conduction of Electricity through Oases. — When a 
potential is applied to a gas such as air at ordinary atmospheric 
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pressure, the gas behaves as an insulator, and a negligible current 
passes. If, however, the pressure is reduced, a point is reached 
when the current flows, if the applied potential is sufficiently high, 
and the tube is filled with a glow— of a reddish purple colour in the 
case of air. This is what occurs in the ordinary Geissler tube. If 
the pressure is still further reduced the discharge becomes less 
symmetrical, a dark space, F (Fig, 20), appearing round the cathode. 
This is called the Faraday dark space, and is separated from the 
cathode by a bluish glow. Between the dark space and the anode 
is a series of st natrons, called the positive column. Still further 
reduction of pressure results in the formation of a new dark space 
immediately round the cathode, and the striations widen out. The 
state of the discharge in the two instances is shown in Figs. 20 and 21. 
The new dark space round the cathode is called the Crookes 
space. If the pressure is reduced to about 0-01 mm., the dark 
spaces and the cathode glow increase in size and the positive column 



gets smaller, and ultimately the Faraday dark space disappears, as 
it were, out of the end of the tube, as the positive column has done 
before it, so that the tube is now entirely occupied by the Crookes 
dark space and the cathode glow. 

There are several things to be noticed about the Crookes dark 
space. It is always bounded by a luminous area. When the 
boundary is the gas in the tube the luminous area is the cathode 
glow, but when the dark space extends to the walls of the tube a 
bright fluorescence is produced. The colour of this fluorescence 
depends on the nature of the glass. If a metallic body is placed 
between the cathode and anode, it will cast a well-defined shadow 
on the walls of the tube, thus showing that whatever it is that 
produces this effect is travelling in straight lines. If a miniature 
paddle wheel is placed in the space, the wheel will rotate, thus 
showing that whatever is in this dark space will produce mechanical 
motion. These two facts together make it fairly clear that 
some sort of rays are present, and the name cathode ray* is given 
to them. 
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The oathode rays will also produce heating effects ; if they strike 
any object placed in their path they may heat it to redness. If the 
rays are caught in a hollow metal box placed in the discharge tube, 
a#d connected through the wall of the tube to an electrometer 
(Fig. 22), it is found to gain a negative charge, so that whatever 
these rays may be, they are accompanied by a stream of negative 
electricity. 

If an external magnetic field is applied to the discharge tube in 
which the discharge is passing, the cathode rays are deflected from 
their path in a direction at right angles both to their own path and 
to the direction of the lines of force of the field. This can readily 
be shown by passing the rays through a narrow slit, so that they 
pass along a zinc sulphide screen, in which they will produce 
fluorescence. The path of the rays is easily seen. On applying the 
field, usually by means of an electromagnet, the beam is seen to be 
bent. Considering the direction of the lines of force, and the 
direction in Which deflection takes place, it follows from the usual 



Fio. 23. — Arrangement of Apparatus to show the Deflection of 
Cathode Rays by a Magnetic Field. 


rules governing the effect of a magnetic field on a current, that the 
ray's consist, of negatively charged particles, if, indeed, they are 
particles at all. An electrostatic field causes a deflection, but in a 
different direction. If a cathode particle is moving in the plane of the 
paper, and a magnetic field is applied with lines of force perpendicular 
to this plane, the cathode particle will be deflected at right angles to 
its original path, but still moves in the plane of the paper. When 
an electrostatic field is applied, with its lines of force perpendicular 
to the paper, the oathode particle is acted upon by a vertical force, 
which tends to lift it out of the plane. 

The cathode rays will pass right through thin pieces of metal, the 
stopping power of the metal being proportional to the thickness and 
density. They will act as nuclei for the condensation of super* 
saturated vapours, causing fogs to be produced. 

The nature of the cathode rays was for some time a matter of 
doubt. Crookes regarded them as a fourth state of matter, but it 
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was shown by Thomson, by means of experiments about to be 
described, that the ratio of the charge to the mass of the particle 
was the same irrespective of the nature of the gas in the tube. It 
was this observation that first indicated that the cathode rays are 
common constituents of all atoms. 

The experiments of Thomson leave no doubt that the cathode 
particles are actually electrons. 

Note on Electromagnetic and Electrostatic Units. — In this chapter 
wo shall have occasion to use electrical units a good deal, and it is 
necessary to bo thoroughlj' acquainted with the relationships that exist 
between the various systems in common use. There are two systems 
of absolute units — the electrostatic (abbreviated to e.s.u., and ultimately 
based on the forco betweon two electric charges), and the electromagnetic 
(abbreviated to e.m.u., and ultimately based on the magnetic force due 
to a current). The absolute units are frequently too small or too large 
for everyday use, and a system of practical units is also used ,* the 
practical units are obtained from the corresponding absolute units by 
multiplying or dividing the latter by powers of 10. 

Thus, the ampere and the volt are practical units, being respectively 
one-tenth of, and 10® times the corresponding absolute units on the 
electromagnetic system. 

When the dimensions of the units on tlio two absolute systems are 
compared, it is found that the ratio of the electrostatic to the electro- 
magnetic unit is a velocity, the reciprocal of a velocity, or the square 
of a velocity. Calculation reveals that ibis velocity is none other than 
tho velocity of light, which is usually denoted by c, and is equal to 
3 x 10 10 eras, per second. In order to convert the electrostatic unit of 
current into the electromagnetic unit, it will be necessary to divide it 
by 3 x 10 10 . 

The Faraday is 96,500 coulombs. Tho coulomb is a practical unit, 
and it happens that to bring it to absolute e.m.u. it must be divided 
by 10. The Faraday is thus 9,650 e.m.u. To convert this into e.s*u., it 
must be multiplied by 3 x 10 l °, giving 28,950 x 10 10 e.s.u., the value 
used on p. 67. 

16. Determination of the Ratio of the Charge to the Mass of the 
Cathode Particle (e/m). — The determination of this ratio was one of 
the fundamental observations which paved the way for the modern 
theory of the structure of the atom. A knowledge of this constant 
enabled the charge of the electron to be arrived at. , 

It has already been mentioned that, since the cathode particles 
are charged negatively, they are deflected by magnetic and electrio 
fields, and it was this behaviour that was used to obtain the ratio 
of the charge to their mass. First of all, it was possible to determine 
only the product of the velocity (v) of the particles and e/m. If a 
magnetic field of strength II is applied transversely to the direction 
of the rays, they are bent into a circle, the radius (r) of which can 
easily be determined by causing them to strike a zinc sulphide 
screen, in which they induce phosphorescence. Suppose the charge 
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on the oathode particle is e, and its mass m, the magnetic force 
acting on the particles, Hev, must be equal to the centrifugal tore* 
mv*lr. Thus 


mv 2 


Hev f 


or 


m rr 

— ‘ v = Hr. 
e 


The next matter was to discover v. It was thought that this 
velocity would be about the same as that of gas molecules as calcu- 
lated by the kinetic theory (§ 75). This incorreot assumption led 
to a value of ejm which was roughly equal to the value obtained 
for the hydrogen ion in electrolysis, i.e., 9,650 e.m.u. 

Further methods were soon devised for determining ejm and v 
separately. In the first of these, the cathode particles were deflected 
by passing through a magnetic field, and were caught in an insulated 
metal box connected with an electrometer, of which the capacity 
was known. The rise in potential indicated by the electrometer in 
a given time was observed, thus giving the total charge, Q, on all the 
particles which were caught by the box. The total energy, W, of the 
particles was obtained by causing them to fall on a thermal junction 
placed inside the hollow box. If N is the number of particles 
collected in a given time, we have 


Eliminating N $ 


Ne = Q, b 1 . 
N (\mv 2 ) =W t ( 2 }> 


— = Hr. 

e 


2W ,, 
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In this way the two values, that of the velocity of the rays and tha 
of the ratio of their charge to their mass, can be found. Th 
velocity was found to be about one-tenth that of light, and e/s 
about 10 T e.m.u. This was about 1,000 times as great as the valu 
obtained for the hydrogen ion in electrolysis ; and so it was apparer 
that the cathode particles probably had small mass, but possesse 
comparatively high velocity. If it could be assumed that the charg 
associated with the oathode particle was the same as that carried b 
a univalent ion in electrolysis it would be possible to calculate » 
This assumption oould not actually be verified until some time late 
when the charge on the oathode particle was determined separate!] 
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If the assumption was true, the mass of the cathode particle was 
about one-thousandth of that of the hydrogen atom. 

The second method of determining v and e/m separately depended 
upon the deflection of the rays by both a magnetic and an electric 
field. The apparatus employed is shown diagrammatically in Fig. 24. 
Cathode rays from C passed through the two slits A and B, which 
were earthed, and therefore served as anodes. They made the beam 
narrow. At the end of the tube was a fluorescent strip upon 
which the position of the beam was registered. An electric field 
was applied between the plates DD. This caused the rays to be 
deflected from their normal path, and the spot of light moved down 
the strip. Now, by applying a magnetic field between the plates 
DD, perpendicular to the path of the rays and parallel to the plane 
of the plates, the effect of the electric field can be annulled, since the 



Fig. 24. — Apparatus for determining v and e/m of Cathode Particles. 

magnetic and electric fields produce opposing deflections of the rays. 
The spot of light can thus be brought back to its original position. 
The strengths of electric and magnetic field necessary to do this are 
obtained. It then follows that, if X is the strength of the electric 
field, and the other symbols have their former significance. 

Hev = Xe % 

or v = XjH. 

The velocity of the particles thus determined was approximately 
the same as obtained in the previous determination. The value of 
e/m could now be determined by applying the magnetic field alone 
afid determining the deflection. As before, this value came out to 
be about 10 7 e.m.u. 

By varying the gas in the tube, and its pressure, it was found that 
the velocity of the cathode particles was dependent upon both these 
factors, but that e/m was unaffected by either alteration. This 
provided further proof that the cathode particles were constituents 
of all matter. Numerous other methods have been used for the 
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determination of e/wi, and all confirm J. J. Thomson s result, 
1*77 X 10 7 e.m.u. 

17. Positive Rays.— Since electrons are charged negatively they 
are driven away from the cathode in the discharge tube. There are, 
however, particles which travel towards the cathode from the anode. 
These eventually strike the cathode and were not discovered until a 
perforated cathode was used through which they could pass, and 
their properties could be investigated. For this reason these rays 
are sometimes called " canal rays/’ because they have passed 
through “ canals/’ or perforations in the cathode. It is found that 
these rays can be deflected by means of a magnetic field, but the 
direction of deflection is opposite to that observed in the case of 
cathode rays, thus indicating that they bear a positive charge ; the 
deflection is also smaller than with cathode rays for the same 
strength of field, indicating that the particles have a greater mass. 
These positive rays are of immense importance in elucidating atomic 
structure. 



Fio. 25. — Production of Positive Rays. 

18. X-rays. — When cathode rays strike any material object, 
a new radiation is given off, which has extraordinary powers of 
penetration, and will affect a photographic plate. For the pro- 
duction of these rays, which are called X-rays, a special tube is 
designed, a simple type of which is shown in the diagram (Fig. 26). 

The tube consists of an ordinary discharge tube, which has been 
exhausted to such an extent that the Crookes dark space fills it. 
The cathode C is made of aluminium and is concave, thus causing 
the cathode rays to come to a focus at a point F, where they impinge 
on a piece of platinum arranged at an angle of 45° to the axis of the 
cathode, so that the X-radiation emitted at the impact is sent out 
of the tube. This piece of platinum, which is connected to the 
anode A, is called the anticathode. 

A more modem type of X-ray tube is shown in Plate I. It has a 
water-cooled anticathode system, A, which is cemented to & glass 
tube, about 18 cm. long and 5 cm. diameter. The X-rays emerge 
from a window of thin aluminium foil mm.) placed immediately 
in front of the anticathode. The cathode is a brass-sheathed 
aluminium rod, which passes through a cylindrical water jacket 
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oamented to the glass tube. The length projecting down the tube 
can be adjusted so that the focus spot can bo easily defined. 

The X-rays will excite fluorescence in certain substances, and 
particularly in zinc sulphide and barium platinocyanide. When 
X-rays were first used for examination of bones, etc., it was always 
the fluorescence effect that was made use of, the shadow of the 
bones cast on a barium platimxyanide screen being examined. The 
photographic effect of X-rays has, however, proved much more 
convenient for this, as for most other X-ray work. It has the great- 
advantage that long exposures of the affected parts arc not required, 
thus preventing the risk of burning. Also, the X-ray photograph 
obtained can be studied at leisure, and in detail. 

X-rays also Lave the remarkable power of enabling a gas to 


conduct electricity after it has 
been exposed to the rays. 
Thus, if an aluminium tube 
containing a gas, and with a 
wire running through it but 
insulated from it, is connected 
with a battery and an electro- 
meter, as shown in Fig. 27, 
no current flows before the 
tube is irradiated with X-rays, 
but as soon as the rays are 
switched on, the gas becomes 
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, 26. — X-ray Tube (diagrammatic). 


conducting. 

This is due to the fact that the passage of the X-rays ionises the 


gas, that is, it causes the gas atoms to become positively charged by 
the removal of electrons. This phenomenon of the ionisation of 


gases by means of X-rays is often used when it is necessary to 
render a gas conducting (as in Millikan's experiment, p. 70), and 
for providing nuclei for the condensation of supersaturated vapours 
(as in Wilson's experiments, p. 66). 

X-rays were once considered to be pulses in the ether ( i.e. t short 
groups of waves), but they are now known to be a wave motion of 
extremely small wavelength, about I0- 8 cm. Tho wavelength of 
sodium light is about 5,890 Angstrom units, one Angstrom unit 
being 1 0" 8 cm ., so that X-rays have a wavelength roughly 57®0 
times smaHSTi than that of visible light. The wavelength of the 
X-rays emitted from any tube depends upon the nature of the anti- 
cathode. It has been determined by studying tho interference of 
the rays when they fall on a crystal, which acts as a three-dimensional 
grating for them, just as a diffraction grating is used in optics to 
determine the wavelength of light. The method of carrying out 
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this experiment is described in the chapter on the Crystalline 
State (§ 125). One of the most important uses to which X-rayB 
have been put is the study of crystalline structure. 

When X-rays strike other bodies, other X-rays are emitted from 
these bodies, called secondary rays, whilst some are diffusely 
reflected. The secondary rays are made up of two groups : the 
“ K Series,” which are of shorter wavelength, and are penetrating, 
and are called 11 hard ” rays ; and the “ L Series,” which are softer, 
of longer wavelength, and not so penetrating. The wavelengths of 
secondary rays are determined by the element on which the impinge- 
ment takes place, being governed by the atomic number of the 
element according to a relationship to be discussed later (§ 34). 
The study of these secondary rays has provided a most important 
method of deciding atomic structure, and particularly of discovering 
the number of electrons present in the atom outside the nucleus. 


Electrometer 



Fig. 27. — Apparatus to show Ionisation of a Gas by X-rays. 

*£19. Radioactivity. — Shortly after Rontgen's discovery of X-rays 
in 1895, Becquerel discovered that photographic plates which had 
been placecT near uranium salts were fogged, showing that some 
penetrating radiation which could affect the plate was emitted by 
these compounds. The rays were found to be very similar to 
X-rays in their properties, as they would also ionise gases, and 
induce phosphorescence in certain substances. They were not 
affected by heat, light or chemical combination. No matter what 
uranium compound was used the activity was still present. 

Two years later, Mme. Curie found that thorium compounds aeted 
similarly, and investigated also other uranium minerals. Some of 
these, she found, were more active than uranium itself, so that they 
must contain a more active element or compound. After a long 
process of chemical separation, Bhe isolated two other elements 
which had a much greater activity than uranium. These she called 
polonium , an element related in chemical properties to tellurium, 
and radiu m, which behaves chemically like barium. 
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Other investigators took up the study of radioactive minerals, 
and in 1900 another element, actinium* was discovered by Debierne 
and Giesel. 

TXe sources of uranium and radium salts are minerals, such as 
p itchblende (which was shown by Klaproth to be an oxide of 
uranium, U3O3}, containing a very small amount of radium, and 
carnotite, aT Vanadate of potassium and uranium, the latter 
contains also some radium , and is an important source of the metal. 
It is much more difficult to obtain radium from mineral souroes 
than it is to get uranium, although radium is always associated with 
uranium in very small proportions (about 1 gm. of radium in 3 tons 
of uranium). Uranium salts are comparatively cheap, whilst, of 
course, radium is the most costly of metals. Unfortunately, the 
radiation from uranium is not medically active, or at any rate is not 
sufficiently strong to act in an appreciable time, that of radium 
being 1,000,000 times as active. 

/ The separation of radium from minerals is a very laborious 
process, depending upon repeated fractional crystallisation. /To 
obtain it from carno tite, the mineral is heated to 190° C. with ao&ut 
80 per cent, sulphuric acid ; the solution is filtered through gloss 
wool, when, on cooling, it deposits radium and barium sulphates. 
Radium is a metal of Group II. in the Periodic Table, and resembles 
barium. Consequently its sulphate is insoluble in water, being, as 
would be expected, even less soluble than barium sulphate. Both 
are, however, soluble to a limited extent in strong sulphuric acid, 
the acid sulphates ( e.g Ba(HS0 4 ) 2 ) being formed. Hence the 
method adopted for the separation. The sulphates are now reduced 
to sulphides by heating with carbon, and the sulphides are treated 
with hydrobromic acid to convert them into bromides. The 
solution is then crystallised. Eight fractional crystallisations are 
usually sufficient to effect complete separation.^ 

Radium is a white metal like barium. The salts resemble those 
of barium in almost every respect, but in solution oxygen and 
hydrogen are given off continuously. The dry salts will ozonise air, 
and in the dark they phosphoresce. 

20. Nature and Characteristics of the Radiation from Radioactive 
Substances. — The radiation emitted from radioactive substances has 
been shown to consist of three types, which are named a-, 0- and 
y-rays, and which differ considerably in their nature. They have 
different penetrating and ionising powers. The a-rays have the 
lowest penetrating power. The distance they will travel is called 
their range . IVhilst they will travel for distances of about 7 cm. 
in air at atmospheric pressure, they are soon stopped by any solid 
body, such as a sheet of paper. /3-Rays are much more penetrating, 
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and will pass through thin sheets of metal. As for Arrays, tne more 
dense the metal, the greater is its stopping power, and so it is found 
that /9-rays are stopped by lead of greater thickness than about 
3 mm. y-Rays are still more powerfully penetrating* passing 
through 6 inches of lead. 

The nature of these radiations has been elucidated by studying 
the action of magnetic and electric fields upon them. The effect of 
a magnetic field on these radiations is shown in Pig. 28. Here it is 
seen that the effect on a-rays is opposite to that on /8-rays, showing 
that they are opposite in charge. The effect, too, is greater upon 
jS-rays than it is upon a-rays, as can be seen by the greater curvature 



in the former case. This means that the a-rays have considerably 
greater mass than jS-rays. The y- rays are quite unaffected by a 
magnetic field, indicating that they do not possess any electric 
charge at all. It has been shown that these rays are actually 
similar in nature to X-rays, but as a rule, have even shorter wave- 
length. Their wavelength, however, varies, and some y- rays possess 
wavelengths of the same order as those of X-rays. 

21. a-Rays. — The elucidation of the nature of a-rays was one of 
the early achievements of Lord Rutherford. He showed that they 
were positively charged particles, and by determining the ratio of 
the charge to the mass by a method similar to that used for cathode 
rays, he showed that their c/m value was 48,230 coulombs per gram. 
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It will be remembered that for the liberation of 1 gm. of hydrogen 
in electrolysis 96,500 coulombs were required, so that this value is 
just half that for the hydrogen ion. The a-rays were thus particles 
which were positively charged and had masses of the order of 
atomic mass. There are several possibilities : the rays may consist 
of singly charged atoms with mass 2, or of atoms of mass 4, bearing 
two positive charges, atoms of mass 0, triply charged, and so on. 
If they were doubly charged atoms of mass 4, they would consist of 
helium atoms bearing two positive charges, t.e., the helium nucleus 
(§§29,32). 

This last view was proved to be correct by direct experiment. 
Rutherford and Royds sealed up some radium emanation (see p. 80) 
in a thin glass tube so that the a-rays could get through the walls. 
This was placed in an outer evacuated tube fitted with electrodes. 
On passing the discharge, the spectrum of helium was obtained. 

This could be confirmed by determining the charge on the 
x-particle, and then calculating the mass m from the ratio e/m. 
There are several ways in which this can be done. When a-rays 
fall on a zinc sulphide screen they cause phosphorescence, each 
a-particle causing a definite flash. This lias been made use of in 
the spinthariscope, an instrument described on p. 202, in connection 
with the determination of Avogadro’s Number. It is t here described 
how the a-particles can be counted by noting the number of flashes 
in a given time. Rutherford determined the number of a-particles 
falling on a given surface in a given time, and also, in another 
experiment in which the zinc sulphide screen was replaced by a 
metal screen, the charge imparted to the latter in the same time. 
He was thus able to calculate the charge associated with each 
a-particle, and this came out to be 9*3 X 10“ 10 electrostatic units, 
which is just twice the charge on a hydrogen ion. Since e/m for the 
a-particle is one-half that for the hydrogen ion, the mass of the 
a-particle must be four times that of the hydrogen ion, i.e., its mass 
corresponds to that of the helium atom. The a-particle must 
therefore be the helium atom bearing two positive charges, or the 
helium atom less two electrons. 

Since the a-particle is emitted with high velocity, and its mass is" 
comparatively large, it possesses considerable kinetic energy, and 
hence in its passage it is able to pass right through atoms [the 
explanation of this point will be clear after reading the section on 
the nuclear theory (§ 29) ] with practically no deviation, until its 
energy becomes spent. Towards the end of its path it may be 
reflected by coming into contact with the electric field of an atom, 
and this process of scattering of a-rays in gases proved to be the clue 
which enabled Rutherford to give a picture of the atom. 
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The actual path of a-particles through gases has been photo- 
graphed by the ingenious method originally due to C. T. R. Wilson. 
When the rays pass through a gas, they ionise it, and the ions 
formed can then act as nuclei for the condensation of supersaturated 
vapours, If air, saturated with water vapour and perfectly free 
from dust is suddenly cooled, no water droplets settle out ; the air 
simply becomes supersaturated with water vapour. If now a radio- 
active source emitting a-rays is placed in or near the vessel, the paths 
of the a-rays through the gas are made evident by a line of water 
droplets, which can be photographed if the vessel is illuminated. 
The photographs of a-ray tracks obtained in this way (Plate II.) 
indicate that a-rays pursue a straight course until very near the end 
of their tracks, when there may be a deviation from the path, which 
shortly afterwards ends suddenly. Where the deviation occurs, 
there is a slight spur, which is due to the recoil of the atom which 
has collided with the a-particle, and from the direction of this spur 
and that of the a-particle, the relative masses of the atoms can be 
calculated to a rough degree of accuracy. 

The tracks of a-rays which can thus be made evident to our 
senses provide a proof of the existence of single atoms. In watching 
the track of an a-ray we are really watching the motion of a single 
charged atom. 

22 . /2-Rays. — /2-Rays are more penetrating than a-rays, and are 
also lighter. They move with a much greater velocity, and have 
been shown to consist of electrons. The mass of an electron of low 
velocity is about 1/1,850 that of the hydrogen atom, as has been 
shown by the experiments on determination of e/m for cathode rays, 
and of e. This mass is, however, dependent upon the velocity with 
which the electron is moving According to the theory of relativity 
the mass of a moving electron becomes infinite when its speed is that 
of light, and is given, for any other speed, by the equation 

m = m 0 [l- g)*] \ 

where m 0 is the mass when the electron is stationary, m is the mass 
at velocity v , and c is the velocity of light. The /2-particles shot off 
from radioactive sources have various velocities, but those from 
radium C have velocities approaching that of light. 

The /2-particle has a small mass compared with that of an a-particle 
and consequently possesses much less kinetic energy. It cannot, 
therefore, cause such extensive ionisation as the a-particlc, and is 
more easily deflected by electric and magnetic fields whether these 
be applied externally, or whether they be due to atoms in the path 
of the particle. In consequence, it follows a much more devious 
path through a gas, as has been shown by the oloud method. 



PLATE II. —Tracks <>i a-PAKTiCLHH. 

On the left a particle i 1 - deflected hv collision w >th a molecule, on the righi 
a particle has collided with a nitrogen atom, driving out of it a proton. (From 
Andrade's Structure of tin Atom, hv permission of Messrs. (J. Bell & Sons.) 


j To fare f,. 
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23. y-Rays. — These, as has already been explained, partake of 
the nature of X-rays, being extremely penetrating. The wave- 
length varies with the source. If the wavelength is long enough, it 
is possible to determine it by interference at crystal faces, just as 
the wavelength of X-rays is determined (§ 125), but in some cases 
the wavelength is too small for even a crystal lattice to act as a 
grating. 

24. Secondary Radiation.— In dealing with X-rays it was men- 
tioned that when this radiation comes into contact with other 
matter, the latter itself gives off X-rays, which are called the 
secondary radiation. The same thing happens when any of the 
radioactive radiations strike matter. In general, the secondary 
radiation is much weaker than the radiation which caused it. 
y-rays may produce secondary jS-rays, and a-rays may produce both 
j8- and y-rays. When a-rays are absorbed by matter, a new type of 
radiation, called 8-rays, is also produced. These are soft /J-rays, 
i.e., electrons with small velocities. 

25. Recoil Atoms. — When an a-particle is emitted from a radio- 
active source, it follows, from the principles of mechanics, that the 
atom from which the a-particle has been shot must recoil, just as 
recoil occurs w r hen a rifle is fired. The velocity of recoil is governed 
by the ordinary principle that the sum of the momenta of the two 
particles is constant. As radioactive atoms are usually very heavy, 
having atomic weights about 200, it follows that the recoil velocity 
will be considerably smaller than the velocity of emission. It will, 
in fact, be about l/50th of the latter. This velocity, however, is 
sufficient to enable the recoil atom to possess the power of causing 
ionisation. The difference between an a-particle and the recoil atom 
lies in its range. The a-particle, possessing the greater velocity, 
will go further than the recoil atom. The recoil atoms therefore 
act like a-particles which have approached the end of their range. 

Recoil may also occur when a ^-particle is emitted, but it does 
not appear that the recoil atom in this case is capable of causing 
ionisation. 

26. Determination of the Charge on the Electron. — Faraday's 
experiments on electrolysis showed that 1 gm. equivalent of any 
substance is liberated by the passage of 96,500 coulombs of electricity 
through the solution. Now, if the substance concerned forms a 
univalent ion, the equivalent is the same as the molecular weight, 
so that one gram-molecule of a univalent ion is liberated by 96,500 
coulombs, or 9,650 e.m.u. This is equal to 28,950 x 10 10 e.s.u. (see 
the section on electromagnetic and electrostatic units, p. 57). If n is 
the number of molecules in 1 c.o. of a gas at N.T.P., one gram-mole- 
oule of a substance contains 22,400 » molecules, in whatever state it 
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is. Hence, the charge, c, on one univalent ion must be 28,950 X 
10 10 /22,400 n e.s.u., or the product, ne t is equal to 1*24 x 10 10 e.s.u. 
If we could determine n, we could find the charge on the ion, 
which we could assume was equal to the charge on the electron ; 
but neither of these quantities can be deduced separately from 
electrolysis experiments, and in the early attempts to determine e , 
approximate values of n were used. All that was known about n 
before the magnitude of the electronic charge was determined was 
that it lay between 10 18 and 10 21 , and hence the value of e was quite 
uncertain. 

The first experiments on the determination of the electronic 
charge were made by Townsend, and have served as the basis of the 
most accurate methods of Millikan. It is therefore important to 
study the history of the methods of carrying out this work. 

I * When newly prepared gases are bubbled through water, electri- 
cally charged clouds are formed in many cases. Townsend thought 
of the idea of determining the charge on a drop in such a cloud, 
which ho assumed to be the charge on the electron. Townsend 
prepared a cloud, using gases obtained by electrolysis. By means 
of a quadrant electrometer, the total electric charge per c.c. of gas 
was determined, and the total weight of the cloud was found by 
absorbing it in drying tubes and finding the increase in weight. To 
determine the average charge of a drop, it was necessary to find the 
weight of one drop, and this was done by finding the rate of fall of 
the cloud under gravity, and applying Stokes’ Law for the velopity 
of a sphere, moving slowly through a viscous medium, under the 
action of a constant force. It states that 

V * 2ga 2 al9rj f 

where v is the velocity of the drop under gravity g, a is the radius, 
a the density of, the drop, and tj the viscosity of air. 

He could thus calculate the number of drops, and knowing the 
total charge, and assuming that each drop bore one charge, he was 
able to determine the charge on each particle. This came out to be 
3 X 10“ 10 e.s.u. After allowing for the fact that some of the drops 
in the cloud were charged differently, he gave the corrected value 
6«5 x I0- 10 e.s.u. 

Jt Shortly after the publication of this experiment, Sir J. J. Thomson 
used the same method to determine the charge on the ions produced 
in a gas by the passage of X-rays through it. A cloud was formed 
as in C. T. R. Wilson’s experiments, by sudd en expawpn jftfld 
air, causing the water vapour to condense. qn 
tEe ions. The apparatus is shown in Fig. 29. 

The sudden expansion is brought about by pulling down the 
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piston P. The weight of the cloud produced was determined 
indirectly, by calculation, from the amount of cooling produced, 
and the densities of saturated water vapour at room temperature 
and at the lower temperature caused by the expansion. The total 
charge per c.c. was determined by finding the conductivity of the 
cloud, measuring the current which flowed when a small electro- 
motive force was applied between the aluminium cap to the vessel A, 
and the surface of the water. The size of the drops was determined, 
as before, by applying Stokes’ Law. The values 6*5 x 10~ 10 e.s.u., 
and 6*7 x 10~ 10 e.s.u. were found for the charge on a drop in air, 
and in hydrogen, respectively. Later, Thomson obtained the value 
6-8 X 10~ 10 e.s.u. for negative ions generated by the action of ultra- 
violet light. In a later experiment, which he thought to be more 



Fig. 29. — Sir J. J. Thomson’s Apparatus for determining 
the charge on the electron (1898). 


accurate, he obtained the value 3*4 X 10“ 10 e.s.u., using in this case 
a radioactive source for the ions. 

These determinations of Thomson and Townsend were extremely 
difficult to carry out, and contained numerous sources of inaccuracy. 
Also, it must be remembered that in all cases it was assumed that 
each drop was charged with only one elementary charge. That this 
assumption is very questionable will be clear when the work of 
Millikan is considered. With his apparatus Millikan was able to 
obtain oil drops with almost any number of charges. There was also 
the difficulty that had to be cleared up, as to whether the charge 
on these drops was the same as the charge on a univalent ion in 
electrolysis. Once this had been established, it was possible to 
find out the size of the charge on the cathode particle, and its 
mass. 

The identity of the charge on the electron and that on a univalent 
ion was demonstrated by Townsend in 1899. He proved that if e is 
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the* obarge on an ion in a gas, U its mean velocity in the direction 
of an electric force Z, and K the coefficient of diffusion of the ions f 

U/K = neZ/P 


P being the pressure of the gas, which contains n molecules per c.c., 
at the temperature of the experiment. 

Townsend then determined the coefficient of diffusion of the ions, 
and, taking the corresponding values of U which had been determined 
by Rutherford, he obtained the following values of ne (e.s.u.) * 


Air . 

Oxygen 
Hydrogen . 
Carbon dioxide 


1-36 X 10“ 10 
1*25 X 10- 10 
1-0 X io - 10 
1-30 x 10- 10 


The value of the charge on an univalent ion in electrolysis multi- 
plied by the number of ions equal to the number of molecules in 
1 c.c. of gas at N.T.P. is 1-24 x I0" 10 e.s.u. These figures are 
sufficiently close to the electrolytio value, then, to enable the conclu- 
sion to be drawn, that the charge on a gaseous ion is equal to that 
on an univalent ion present in electrolysis, and this has been con- 
firmed by numerous other experiments. 

t'The next development was an improvement made in Thomson’s 
apparatus by H. A. Wilson. The object of it was to avoid the 
difficulty, already referred to, of the uncertainty as to the number 
of charges carried by an ion. Two brass plates were fixed in the 
expansion chamber, A, of Thomson’s apparatus, so that a vertical 
electric field could be applied. It was then possible to aid or 
hinder the action of gravity on a drop by altering the sign of the 
electric field. The weight of the drop was determined by the usual 
application of Stokes’ Law, the rate of fall of the drop under gravity 
alone being determined. The charge was determined by finding 
the change in velocity when the electric field was put on to assist 
the action of gravity. The change in velocity was found to be not 
the same for all drops, the cloud being made up of drops which bore 
charges in the ratio 1:2:3. 

This important conclusion made it evident that this was a source 
of inaccuracy in the earlier determinations, though Wilson himself 
obtained a value 3*1 X 10~ 10 by this method. The idea of using a 
controlling electric field was worked upon by Millikan, in America, 
his experiments extending over a period of eight years (1909-16). 

& 'Millikan, realising the inaccuracy due to the rapid evaporation 
of water drops, used instead, drops of a non-volatile oil Ho also 
employed a much higher field strength, and was therefore able to 
keep the drop suspended between the plates, or could make it rise 
or fall at will. 
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Ilia apparatus is shown in Fig. 30. The oil drops were introduced 
into the cylindrical vessel V, by means of an atomiser A, resembling 
somewhat in action a carburetter of a motor car. The brass plates, 
B and C, were connected, one to the pole of a battery of accumulators, 
of total voltage 10,000 volts, to maintain a steady high potential, 
and the other to earth through the vessel. The vessel V was placed, 
in a thermostat to keep it at constant temperature. 

The top plate had a pin-hole through which drops of oil occa- 
sionally found their way. The drops were already charged by the 


To Manometer ‘ To Pomp 



friction of the atomiser, but they could be further charged by 
ionising the gas in the vessel by means of X-rays which were shone 
through a window, W. The drops which had passed between the 
plates were illuminated by a powerful source of light, L, and viewed 
through a telescope. Any heat rays were removed from the light 
by passing it through filters, so that its'entry to the chamber did 
not upset the motion of the drops by currents. The pressure in the 
chamber, which could readily be altered, was indicated by a mano- 
meter. In the telescope eyepiece was a scale which enabled the 
position of the drop to be gauged to a great degree of accuracy, and 
the times were recorded to thousandths of a second by means of a 
chronograph. E was a voltmeter for measuring the potential of the 
battery. 
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The drop, which was positively charged by friction, entered the 
space between the plates, and then the electric field was applied so 
that it was attracted towards the upper plate B. Just before it got 
there, the plates were short-circuited by the switch S, and the drop 
was allowed to fall under gravity until it got almost to C, when the 
field was put on, and it was dragged up again. The drop could thus 
be made to rise or fall continuously, and the attainment of another 
charge was immediately shown by a change in the velocity. The 
times taken for the drop to fall alone under gravity, and to rise 
under the action of the field, were found. The time taken for a 
drop to fall a distance of 0-5222 cm, was 13*595 sec., the maximum 
deviation in seventeen experiments being only ± 0-2 sec. On the 
other hand, the times taken for the drop to rise under the action of 
the field (5,053 volts) varied considerably, as is shown by the 
following numbers, which represent the times in seconds taken for 
the upward journey on successive occasions : 12-5, 12*4, 21*8, 34-8, 
84-5, 84-5, 85-5, 34-6, 34-8 secs. 

It is clear that on the third journey up, the drop had taken up 
another negative ion, on the next journey another, and on the next, 
another. If v 1 is the velocity under gravity alone, and v % the 
velocity under gravity and the field of strength X , and e is the 
charge on the drop of mass then 


™J9 


Xe — m a g 




e = xrir («> i + v%), 


The change in velocity consequent upon the drop taking up an 
additional charge, can be obtained from the equations 

x Vl 

e+l = Yv\ (Vl + v,) ’ 

where v 3 is the velocity after taking up an additional charge. 

With the figures mentioned above, 

0-5222 0-5222 

when t = 34*8 secs., — 13-595 3 ZV?T * • * • • (1) 


^ 34-8 

u 4 oa k. , 0-5222 , 0-5222 

when t = 84-5 secs., + »>, = 

The difference between ( 1 ) and ( 2 ) 

" °' 6222 (3*8 “ 843s) 


. ( 2 ) 


*00891 cm./sec. 


In this way it was found that the successive capture of a single 
charge by the drop gave rise to differences in its velocity equal to 
0*008912, 0*008911, 0-008903, 0-008883, and 0*008931 cm. per sec., 
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giving a mean value of 0*00891 cm. per sec. It will be seen that the 
individual results do not differ very greatly from this mean value. 

The fact that relationships of this sort were obtained always, 
irrespective of the nature of the gas in the vessel, or its pressure, or 
how long the experiment was being conducted, indicates without 
the faintest doubt that the charges on ions are all the same in value, 
or are multiples of some fundamental value. This is the best 
proof of the atomic nature of electricity. 

Prom the above equations, the ratio e/m a for the droplets could be 
found. To determine e, it is now necessary to find ra a . This can be 
done by applying Stokes* Law (§ 26), but Millikan showed that whilst 
the Law was true for particles of considerable size, for particles of 
the size of these droplets it ceased to be more than approximately 
true. He therefore devised a more accurate form of Stokes' Law 
which would apply to these particles. By this means he was able 
to find 77i a with a degree of accuracy comparable to that obtainable 
in the rest of the experiment. Finally, his value for e was (4*774 ± 
0*005) X 10“ 10 e.s.u. 

Several means of ionisation were employed, and in every case the 
same result was obtained. 

The fact that e has been determined with great exaotness enables 
the value of the Avogadro Number, the number of molecules in a 
gram-molecule of any substance, to be determined with accuracy. 
In electrolysis it is found that one gram-molecule of a univalent 
substance is liberated by 9,650 e.m.u. of electricity. This is equal 
to 28,950 X 10 10 e.s.u. This is equal to Ne, the number of molecules 
in a gram-molecule multiplied by the charge on an ion. Thus, if we 
divide this figure by the charge (e) determined by Millikan, we 
should arrive at Avogadro's Number (N ) ; this comes out to be 
6*062 ± 0*006 X 10 23 . (For further methods of finding Avogadro’s 
number, see § 79.) 

The result of the most recent determination of the charge 
of the electron (Hopper and Laby, 1941) determined by the 
oil-drop method is (4*802 + 0001) *< 10“ 10 e.s.u. This value 
agrees with that obtained by Bearden (1941) by the X-ray 
method. 

27. Sir J. J. Thomson’s Theory of the Structure of the Atom. — 

The experiments already described show without doubt that the 
electron is an integral part of all matter. The cathode rays emitted 
from all types of matter have the same elementary charge, and the 
ions produced by all gases possess this charge or else some simple 
multiple of it. The electron is, therefore, to be found in the atom. 
All chemical atoms, in the ordinary state, are, however, electrically 
neutral, and hence there must be some positive charge somewhere 



74 


ATOMIC STRUCTURE— PART I 


in the atom to neutralise the negative charge of the electrons. The 
nature of this positive charge was not known when the experiments 
on the determination of e/m for cathode rays were done, and the 
existence of the electron defined. 

Sir J. J. Thomson assumed that the electrons moved in “ a sphere 
of positive electrification.” This, of course, was pure hypothesis. 
By considering the positions taken up by magnetic poles placed in a 
magnetic field, Thomson showed that the electrons would arrange 
themselves in rings of eight, which suggested the periodic recurrence 
of properties in the elements as the atomic weight increases, and 
thus fitted in with the Mendel 6eff Periodic Table (§ 11), which was 
based on the Law of Octaves. It certainly seemed that the number 
eight was a magic number as far as the atom was concerned. This 
arrangement of electrons was later shown to be essentially correct, 
though by a somewhat different theory. 

28. The Bombardment of Matter by a- and /?-Rays. — It has already 
been shown that the jff-rays emitted from radioactive substances are 
electrons moving with various velocities, in many cases high 
velocities somewhere in the neighbourhood of the speed of light. 
If matter is bombarded by these small particles, their resultant 
deflections should give us some information concerning the electrical 
state of the atoms in matter. 

If a parallel beam of j3-rays from some radioactive source is 
passed through a thin metal sheet, such as a piece of aluminium 
foil, or gold leaf, the beam emerges divergent. This is due to the 
repulsion of the /1-particles by the electrons in the atom, which 
possess the same electrical sign. From the amount of the divergence, 
the number of electrons in the atom of the metal can be found. 
This comes out, as a rule, to about half the atomic weight. Thus, 
for aluminium it is 13, whilst the atomic weight of aluminium is 27 ; 
for sodium it is 11, the atomic weight of this element being 23. 
Now the mass of the electron can be determined, since we know 
e/m, and we know e. Its mass is very small indeed. Since an atom 
like aluminium contains only 13 of these, the proportion of the 
mass of the atom due to the electrons is very small. The electron 
has a mass of about j-gVs that of the hydrogen atom, so the 13 

13 

electrons w ill weigh about — - - units. The ratio of this to the total 

1850 

13 1 

mass ol the atom is — . ■ = ■ ■. Hence there must be 

27 X 1,850 o8,430 

some other part of the atom which possesses most of the mass, and 
since the atom is supposed to be made up of nothing but electricity, 
it follows that the mass is concentrated in the positive part of the 
atom. 

This view was to receive considerable support from the study of 
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the bombardment of matter by a-particles These are small, 
positively charged particles, and are much heavier than /J-particles. 
They will therefore be more effective in bombardment (see § 42). 

Geiger and Marsden studied the result of bombarding a piece' of 
gold foil with a-pnrticlos from a radioactive source. Some of the 
particles were deflected slightly from their course, some were 
scattered through larger angles, and some were actually deflected 
right back. The number which suffered a deflection of about 
180° was, however, very small, being only about 1 in 20,000. 
The average scattering was 0-87°, showing how few suffered any- 
thing but a very small deflection. It might bo thought that those 
particles which were directly reversed ir direction wore merely 
reflected from the surface of the gold 
leaf, but this is not so, since the 
number of particles which undergo 
large deflections is proportional, 
within certain limits, to the thickness 
of the gold foil. It is, therefore, 
some phenomenon connected with 
scattering in the interior of the 
metal. What js it that causes these 
a-particles to suffer such largo de- 
flections ? 

29. The Nuclear Theory of Rutherford. - It was these data which 
furnished Rutherford with the material upon which to base the 
nuclear theory of the atom, which, although modified and extended, 
forms the basis of all modern work on subatomic physics. 

The a-particle is about 7,000 times as heavy as the electron, so 
that it will bo hardly moved out of its course at all by coming 
into contact with one of them. As it is turned back through such 
largo angles, it must be colliding with something of about its own 
mass and charge. Rutherford pointed out that if Thomson’s 
“ sphere of positive electrification ” were condensed into a small 
nucleus, the particle necessary to cause these deflections of the 
a-rays was present. On this basis, Rutherford calculated, from the 
values of the scattering of a-particles, the number of charges there 
must* be on the positive sphere, and found it to be equal to about 
half the atomic weight. The charge on the positive sphere, or 
nucleus, was the same as the total charge' on the extra-nuclear 
electrons in the atom which had been determined by observation 
of the scattering of /8-rays, and later of X-rays. There can therefore 
be only one of these centres in each atom, otherwise the atom would 
be positively charged. 

Rutherford’s theory is that the atom is made up of (1) a positive 
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nucleus, which is small, but which possesses the major part of the 
mass of the atom ; and (2) a number of negative electrons, equal 
to the number of net positive charges on the nucleus. 

It is clear that if these electrons are stationary, there is no reason 
whatever why they should not be attracted by the nucleus, and fall 
into it. In order to avoid this difficulty (which was not present in 
the Thomson model) it was assumed that the electrons moved in 
orbits round the positive nucleus, being kept from falling into it 
by the centrifugal force which was always acting outwards. 

The atom has often been likened to a solar system in miniature. 
The positive nucleus is the sun, the electrons are the planets. If 
the planets were not in motion round the sun, they would immedi- 
ately fall into it ; but as they are in motion in orbits, the centrifugal 
force prevents them from being drawn in. This simple picture of 
the atom has provided us with a very satisfactory method of explain- 
ing many facts, and it is now belioved to represent, fundamentally, 
the state of affairs obtaining in the atom, though certain refinements 
in theory have been made which will be described later. 

It may, however, be stated here that there is a difficulty with this 
simple theory. Niels Bohr showed that such an atom would be 
unstablo, and modified the model by supposing that the electrons 
could only move in certain definite orbits (§46). 

♦ 30. Protons, Electrons and Neutrons.— The name given to the 
heavy particle bearing one positive charge only, is the proton. The 
hydrogen atom, being tho lightest atom, must contain the lightest 
nucleus, and it is known that it has one extra-nuclear electron. It is 
possiblo to obtain, in a suitable discharge tube, positive rays which 
consist of hydrogen atoms which have been deprived of their 
electrons, and which therefore consist of a nucleus bearing one 
positive charge. 

The proton is much heavier than the electron, accounting as it does 
for nearly all tho mass of the atom ; but it cannot be a yerv large 
particle, because so few a-particles are deflected through large angles 
when matter is bombarded with them. It will be remembered that 
the total average scattering was only 0*87°, showing that the vast 
majority of a-particles merely grazed the nucleus, being deflected but 
slightly by it, whilst very few hit the nucleus head on, and were 
returned along the path they had come, or nearly so. This means that 
the spaces in the atom are very large, it being possible for an 
a-particle, % which we know to consist of the helium nucleus, to get 
right through without hitting anything. In a sheet of aluminium 
foil, the a-particle may go through thousands of atoms without 
suffering collision. 

In this respect the atom again resembles the solar system. In 



PROTONS, ELECTRONS, NEUTRONS 77 

the latter, by far the greater part of the system consists of empty 
space, and shooting stars can pass right through it without colliding 
with anything. The a-particle in the scattering experiments can be 
likened to a shooting star. It may pass through the atom without 
hitting anything ; on the other hand, it may collide with a nucleus, 
though the chances of its doing so are small. 

The mass of the electron is about 1/1,850 of that of the hydrogen 
atom, as has already been shown, so that it is also about that 
fraction of the mass of the proton. 

^t should be mentioned that a particle bearing one positive charge, 
yet possessing a mass much smaller than that of the proton, com- 
parable, indeed, with that of the electron, has also been discovered, 
and is called the positive electron or positron (§ 43). 

When beryllium, and certain other light elements such as lithium 
and boron, are bombarded with energetic a-rays from polonium, a 
very penetrating radiation is emitted. This was discovered by Bothe 
and Becker in Germany in 1930, who thought at first that it was 
a very penetrating a-radiation. In 1932, Curie and Joliot showed 
that this radiation was capable of expelling high-energy protons 
from paraffin wax, and later in that year Chadwick determined the 
number and range of these protons. The results he obtained were 
inconsistent with the view that the incident radiation was simply a 
form of a-ray, and he showed that it w'as, in fact, composed of un- 
charged particles with a mass approximately that of the proton. 
These particles are called neutrons , and are considered to be present 
in the nuclei of all atoms except hydrogen. The mass of the neutron 
was determined by Chadwick and Goldhaber in 1939 to be 1*00895 
on the basis 0 = 16. 

31. Radioactive Disintegration. — We are now in a position to 
study the products of radioactive disintegration, i.e., the products 
obtained from radioactive substances when a-rays and /3-particles 
are emitted. These products, starting from uranium, actinium and 
thorium respectively, are given, together with the half-life values 
of the elements, in Tables IV., V. and VI. 

This term requires a little explanation. The rate of decay of any 
radioactive substance is an exponential function, depending upon 
the amount of the substance left. It is like a geometrical pro- 
gression. To take a hypothetical example, suppose that half of the 
actual amount of a substance present disintegrated each day. At 
the end of the first day there would be one-half left, at the end of 
the second one-quarter, at the end of the third one-eighth, and 
so on. The series is infinite. Actually the substance would never 
disintegrate completely. So it is with all these radioactive elements. 
The rate of decay depends upon the amount of substance present, and 
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so no clement actually decays away completely, though its concen- 
tration may become so small as to be immeasurable. It is therefore 
useless to take the time of complete disintegration of an element in 
order to characterise it, for this would be infinity for all of them. The 
value taken is, then, the half-life period, i.e., the time taken for the 
element to become half disintegrated. When we say that the half- 
lift* period, or, more simply, the period of radium is 1 ,f>90 years, we 
mean that if we start with 1 gm. of radium, by the end of this period 
it will be reduced to £ gm. of radium, and some other products. 
The various radiations emitted are also shown in these tables. 

It is seen that when an a-particlo is emitted by an element, the 
latter is converted into an element two places to the left in the 
Periodic Table. Radium in Group II. loses ana-particlc, and becomes 
radon, or radium emanation, a gas of the inert gas series, Group 0. 
When an element loses a /3-particle it changes to one occupying one 


Table IV. — The Aotinum Series 


Element. 

Symbol. 

Radiation. 

Half-life Period. 

Group in 
Periodic 
System. 

Ate. 

Uranium ? 

— 

a 

— 

VI. 

92 

Uranium Y 

Uy 

1 

P 

1-04 days 

, IV. 

90 

Protactinium 

Jr 

Pa 

| 

a 

3*2 X 10 4 years 

V. 

91 

Actinium . 

y 

Ac 

l 

— 

13 years 

m. 

89 

Radio-actinium . 

Rd-Ac 

| 

a (P) 

18*9 days 

IV. 

90 

Actinium-X 

T 

AeX 

| 

a 

11-2 days 

ii. 

88 

Actinon . 

An 

| 

a 

3*92 sec. 

0. 

86 

Actinium A 

V 

AoA 

1 

a 

2 0 X 10 _3 sec. 

VI. 

84 

Actinium B 

AcB 

1 

IP & Y) 

36*1 min. 

IV. 

82 

Actinium C 

T 

AoC 

1 

a 

2*15 min. 

V. 

83 

Actinium C " 

▼ 

AcO" 

| 

P & Y 

4*76 min. 

hi. 

81 

PbexAcC" 

Pb 

I 

— 

IV. 

82 
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Table V. — The Uranium Series 


Element. 

Symbol. 

1 

Radiation. 

Half-life Period. 

Group in 
Periodic 
System. 

Ate. No. 

Uranium I 

l j‘ 

a 

44 XlO® years 

VI 

92 

Uranium X, 

ui, 

P 

24-5 days 

TV. 

90 

Uranium \ 2 

r x 2 

P (y) 

M4 min. 

V. 

91 

Uranium II 

v' 

T 

a 

3 4 xlO 6 years 

VI. 

92 

Ionium 

lo 

a 

8*3 X JO 4 years 

IV. 

90 


1 





Radium . 

Ra 

| 

a (8 S: y) 

1 ,590 years 

II. 

88 

Radon 

Y 

Rn 

| 

a 

3*82 days 

0. 

86 

Radium A . 

T 

RaA 

1 

a 

3 05 mins. 

VI. 

84 

Radium B . 

T 

RaB 

i 

PM 

20-8 mins. 

IV. 

82 

Radium C . 

RaC- 


99*97 per 

19*7 mins. 

V. 

83 


1 


pent. p Si 







y 




Radium C' 

RaC 

1 


a 

10~ 6 sec. 

VJ. 

84 

Radium I). 

T 

Ral> 

1 


(P & y) 

22 years 

IV. 

82 

Radium K. 

RaE 

l 


P 

! 

5*0 days 

V. 

83 

Radium F . 

Rat’l 


a (y) 

140 days 

VI. 

84 

(Polonium) 

Po S 

1 






Radium 12' 

Ra</\ 






IV. 

82 

(Lead) 

Pb 206 / 









0-03 per 




Radium C . 

RaC_ 

i 


rent, a 

— 

V. 

83 

Radium C" 

RaC" 

p 

1 *4 min. 

III. 

81 


1 





Radium £2" 

Ra 12 

— 

— 

IV. 

82 

(Hypothetical) 
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Table VI. — The Thorium Series 


Element. 

Symbol. 

Radiation. 

Half-life Period. 

Group in 
Periodic 
System. 

Ate. No. 

Thorium . 

Th 

1 

a 


1*3 Xl0 10 years 

IV. 

90 

Mesothorium I . 

M.sThj 

1 

MsTh, 

| 

— 


6*7 years 

ii. 

88 

Mesothorium II . 

/S & y 


6*13 hours 

m. 

89 

Radiothorium 

RaTh 

Tllx 

1 

a (P) 


1-90 years 

IV. 

90 

Thorium X 

a 


3-64 days 

ii. 

88 

Thoron 

Tn 

1 

ThA 

a 


54-5 sec. 

0. 

86 

Thorium A 

a 


0-14 see. 

VI. 

84 

Thorium B 

Y 

ThT? 

1 

P&,y 


10*6 hours 

IV. 

82 

Thorium C 

Y 

ThC 

i 

65 per- 
cent. /S 


1 hour 

V. 

83 

Thorium C' 

ThC' 

1 

a 


ca 10~ u sec. 

VI. 

84 

Thorium D 
(Thorium-lead) 

T 

ThD 

p b 208 

— 


— 

IV. 

82 

Thorium C 

ThC 

| 

35 per- 
cent. a 


— 

V. 

83 

Thorium C" 

ThC" 

1 

P&y 


3*1 mins. 

III. 

81 

Thorium Q " 
(Lead) 

Th 12" 
Pb 208 

— 


— 

IV. 

82 


place to the right. Thus, uranium X v an element in Group IV., loses 
a /3-particle, and becomes uranium X 2 , an element in Group V. 

The positions of the various radioactive elements in the Periodic 
Table are shown in the Tables on p. 81. 

Now the a-particlo consists of the helium nucleus, and bears two 
positive charges, whilst the /8-particle is an electron. It therefore 
becomes evident that an element A two places to the left of an 
element B in the Periodic Table must differ from it in possessing 
two fewer positive charges. The net positive charge on the nucleus 
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of A is two units less than on that of B. Similarly the element B 
differs from an element C (formed from it by a j9-ray change) in the 
next place to the right in the Table by possessing one more negative 
charge on the nucleus, so that when the latter is removed the 
nucleus increases in charge by 1. 

This point is often a troublesome one to grasp. This is not so if 
it is remembered that it has been shown that both radiations in 
radioactivity proceed from the nucleus. The /3-particle is not an 
electron removed from the outer sphere of electrons, but one 
originating in the nucleus. When an unstable nucleus breaks down 
it does not emit protons and neutrons, the particles which compose 
it. It seems that under these circumstances the neutron behaves as 
if it were made up of a proton and an electron, and the electron is 
emitted. It is this electron which constitutes a /3-particle. 

The fact that when these radioactive changes take place they are 
accompanied by simple moves in the positions of the elements in 
the Periodic Table is very easily explained by supposing that each 
element in the Table differs from the one before it by possessing one 
more net positive charge in the nucleus and one more electron in the 
extra-nuclear structure. Indeed, this explanation is demanded by 
the facts quoted above. 

This theory was put forward quite early by van don Broek (1911), 
but at the time there was very little evidence to support it, and it 
was not given much attention. When, however, the place changes 
which take place during radioactive disintegration were discovered 
in 19.13, the theory was a necessary consequence. 

At first the theory was applied only to the radioactive elements, 
no evidence having been gathered to prove its truth in the case of 
the lighter elements. This was obtained later by Moseley (1913—14), 
who examined the X-ray speelia uf the elements. If the elements 
are arranged in the order in which they appear in the Periodic 
Table, allowance being made for the unknown elements, for which 
gaps are left, and they are then numbered in order, starting with 
hydrogen as 1 , and ending with uranium as 92, the numbers assigned 
to each element will represent the number of electrons outside the 
nucleus (called extra-nuclear electrons), and also the resultant 
positive charge on the nucleus. This number is called the atomic 
number of the element . Moseley was able to determine the atomic 
numbers of many of the lighter elements. This work will be 
described in a later section (§34). 

82. The Nature of Atoms.— We have seen that the nuclear theory 
of the structure of matter demands that the atom should oontain a 
nucleus, positively charged, the system as a whole being electrically 
neutral because of the negative electric charges of a cloud of electrons 
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which surrounds it. The number of these electrons outside the 
nucleus is the atomic number of the atom. The nucleus itself 
contains neutrons (§ 30) as well as protons. So long as the resultant 
charge of the nucleus is positive, and the number of extra-nuclear 
electrons is sufficient to neutralise this charge, the conditions for the 
formation of a normal atom are satisfied. 

Take, for example, the atom of helium. The mass of any atom is 
largely accounted for by the nucleus, the electrons being so light as 
to be negligible when approximate atomic weights are considered. 
The atomic weight of helium is about 4. This means that there 
must be four particles with the mass of the proton in the atom. 
But its atomic number is only 2, and the nucleus has therefore a 
resultant positive charge of 2 units, and must contain two neutrons. 
This positive charge is neutralised by the two extra-nuclear elec- 
trons. The helium atom can therefore be pictured as in Fig. 32. 

Take as a further example the sodium atom. Tts atomic* number 
has been found to be 11. It follows that there are 1 1 electrons 
outside the nucleus. The atomic weight is 23, so that the atom 
must contain 23 particles of unit mass, either protons or neutrons. 
If it is to be electrically neutral, there must be 12 neutrons and 11 
protons in the nucleus. The? arrangement of the J l extra-nuclear 
electrons has been shown, by methods to be outlined in the next 
chapter, to be in rings containing 2, 8, and 1 electron. The simplified 
model of this atom is drawn in Fig. 33. 

33. The Nature of the Nucleus. — We have already stated that in 
the nucleus there are protons and neutrons. The arrangement of 
these particles in the nucleus is even now not correctly known. 




Ftg. 33. — The Sodium Atom 
Model (simplified). 



84 


ATOMIC STRUCTURE— PART I 


The fact that a-particles are emitted from atoms seems to show 
that these must be ready made in the nucleus. Exactly how the 
neutron is to be regarded is a matter of some doubt. It may be 
thought of for some purposes as a proton and an electron fused 
together. 

It is obvious that the number of protons in the nucleus is equal 
to the number of extra-nuclear electrons, and therefore to the 
atomic number, Z. Since the proton has a mass of approximately 
1 unit (the normal hydrogen atom contains one proton and one 
electron, and the mass of the electron is very small compared with 
that of the -proton) and the neutron also has a mass of approximately 
1 unit, the masses of all nuclei are approximately whole numbers. 
This whole number is called the mass number, A. The number of 
neutrons, N f in the nucleus is clearly equal to A — Z. 

The forces holding protons and neutrons together in the nucleus 
are not yet fully understood, but it is known that only certain 
numbers of these particles can exist together in a stable nucleus. 
If these numbers are increased artificially by bombardment with 
neutrons or protons, and their capture by the nucleus, an unstable 
nucleus is formed, which will later break down to a stable one. 
However, for a given mass number there are several possible 
arrangements of protons and neutrons which will give stability. 
The same is true for a given atomic number, so that altogether 
over 250 Stable nuclei are known, although the number of chemically 
identifiable elements is less than 100. 

Nuclei with the same mass number and different atomic number 
are called isobares; those with the same atomic number but different 
mass number are called isotopes. These topics will be more fully 
dealt with in § 35. 

34. Atomic Numbers and their Determination by Moseley’s 
Method. — When an element is bombarded with electrons, X-rays 
are emitted which are characteristic for the element bombarded. 
Moseley examined the spectra of the X-rays thus emitted. 

The substance under investigation was made the anticathode in 
a discharge tube. The wavelengths of the X-rays given out were 
determined by diffraction at a crystal, an X-ray spectrometer 
similar to that employed by the Braggs in the investigation of 
crystal structure being used ( § 125) . The spectrum was photographed. 

The X-ray spectra of the elements are on the whole very simple, 
consisting of very few lines. I n Fig. 34 are shown the spectra of 
some elements which are adjacent in the Periodic Table. It is seen 
that the spectra are all alike. They all consist of two lines, 1 one 

1 With the exception of cobalt, for which the spectrum is a little more 
complicated. 
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being much stronger than the other. Also, all that is necessary to 
obtain one spectrum from that of the neighbouring element is to 
shift it a certain distance to the right or to the left according as 
whether the one element comes after, or before the other in the 
Periodic Table. 


K 

r— 

19 



Ca 

20 



Ti 

22 


1 
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Cr 
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Fi«. 34. — X-ray Spectra ( K series). 


Three sets of lines were found, which were called the K , L and M 
lines, the K lines being of the shortest wavelength. They are 
given by all elements. The L series is of longer wavelength and has 
only been found with elements of atomic weight greater than that 
of neon (?.e., sodium onwards). The M radiation, of longer wave- 
length still, has only been obtained with the very heavy elements. 
There are four lines in the K spectrum, which appear as two sets of 
two, the lines in each set being very close together, forming what is 
known as a doublet. An N scries probably also exists. 

Moseley showed that the frequency of a given line in the spectrum 
was connected with the atomic number of the element by the simple 
expression 

v = a(N~b)\ 

where v is the frequency, N the atomic number, and a and b are 
constants. For the first line (longest wavelength) of the K spectrum, 
known as the Ka x line, the constant a is 247 X 10 15 , and b is 1. 
This equation is a linear one, and if v is plotted against N, a straight 
lino should be obtained. That this is the case is shown by the 
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curves for the three types of spectra {K, L and M) given in Fig. 36. 

This work showed the fundamental nature of atomic numbers, and 
enabled the positive charge on each element to be determined. The 
work also confirmed the arrangement of the elements in the Periodic 
Table (pp. 26, 27). It will be remembered that if the elements 
are arranged in the order of their atomic weights there are several 
anomalies in the Table. Thus, tellurium comes after iodine, when it 
is clear from its chemical properties that it should come before. 
Argon comes after potassium, and since this does not agree with the 
properties of the elements, they are put out of order in the Table. 
This alteration was justified by the determination of the atomic 
numbers of these elements, which indicated that those of tellurium 



Fig. 35. — Relationship oe tween Frequency of Lines in X-ray Spectra 
and Atomic Number. 


and iodine were 62 and 53 respectively, and of argon and potassium 
18 and 19 respectively. The atomic numbers of iron, cobalt and 
nickel came out to be 26, 27 and 28 respectively, the sequence 
agreeing with the chemical properties of these elements, but dis- 
agreeing with the sequence of their atomic weights. Protactinium 
and thorium are also now known to be out of order, as far as atomic 
weight is concerned, but correct with regard to atomic number. 
The total number of elements from hydrogen to uranium was shown 
by this work to be 92, and thus the number of rare-earth elements, 
which could not be satisfactorily defined by the Periodic Table 
•lone, was fixed. 
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85. Isotopes. — When a radioactive element loses a j3-particle its 
atomic number increases by 1, and so a new element is formed 
which is one place higher in the periodic system (§31). The loss of 
the /2-particle entails, however, practically no loss in mass, as it is so 
light; so the new element has the same atomic weight as the old. 
We thus have two elements in the Periodic Table which have the 
same atomic weight yet differ in atomic number, and in chemical 
properties. Elements of this type are called isobares . 

When a radioactive element loses an a-partiole, its atomic number 
is reduced by two and the new element formed occupies a position 
two places further dow n the Table (§ 31). If now the new element 
loses two /2-particles successively, the element produced will have 
the same atomic number as the original one before the series of 
changes was commenced. The atomic weight, however, will bo 
4 units less, and so we have two elements occupying the same plac e 
in the Periodic Table, yet differing in atomic weight. The chemical 
properties of such elements are found to be almost exactly the 
same. Indeed, they are so much alike that it is usually found to 
bo impossible to separate them. Such elements are called 
isotopes. 

The atomic number is the number of extra -nuclear electrons, and 
also the numerical value of the positive charge on flic nucleus. 
It is clear that isotopes possess the same atomic number, and 
therefore the same number of extra-nuclear electrons, and conse- 
quently the same positive nuclear charge. How then do they 
differ ? We have seen previously that the nucleus consists not 
only of protons, but also of some neutrons. It is in the number of 
protons and neutrons in the nucleus that isotopes differ. The 
chemical properties of an atom are known to depend almost 
entirely on the extra-nuclear electrons, and as these are the same 
in isotopes the chemical properties of isotopic elements must be 
almost entirely the same. Except in the case of hydrogen, no 
chemical difference in isotopes has been found. 

It was in connection with the radioactive elements that isotopes 
were first discovered, but it is now known that they are by no means 
confined to these elements. Nearly all the elements are new known 
to be isotopic. When any so-called element is prepared in the 
laboratory, a pure substance is not obtained, but a mixture of 
atoms of different atomic weights. The proportions in which these 
isotopic atoms are present, whenever an element is prepared, are 
always the same, and so the atomic weight appears to be constant 
(except in the case of hydrogen, § 40). Thus chlorine consists of 
two isotopes, of atomic weights 35 and 37. Whenever chlorine 
is prepared in the laboratory the proportions of these isotopes 
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present are the same. Hence, whenever the atomic weight of 
chlorine is determined the same result is obtained. 



The existence of isotopes can be explained if the possible arrange- 
ments of the charges in an atom of an element are considered. To 
take a simple case, that of lithium, of which the atomic number 
is 3 ; there are two isotopes of masses 7 and 6, the former being 
the predominant one, as can be understood from the fact that the 
atomic weight of lithium is 6-940. Since the atomic number of both 
the isotopes of this element is 3, there must be three extra-nuclear 
electrons. The atomic weight of one of them is 7, hence there must 
be 7 particles of unit mass in this element. It follows that there 
must be four neutrons. The atomic weight of the other is 6, and 
the number of neutrons must be 3. Hence we have two elements 
with the same atomic number, but with different atomic weights. 
The properties of the element, being governed by the number of 
extra-nuclear electrons, are the same in each case, and it would 
be impossible to distinguish between them chemically. Physically 
there should be slight differences. For example, the densities of 
the two forms should be slightly different. It has not been found 
possible, however, to effect a separation of isotopes on a large scale, 
with the exception of hydrogen, where the atomic mass of one 
isotope is double that of the other. 

The usual method of denoting any particular isotope symbolically 
is by placing the mass-number of the isotope to the top right-hand 
side of the chemical symbol. Thus O 17 means the isotope of oxygen 
of mass 17. 

Prout’s hypothesis, which stated that the atomic weights of all 
elements were multiples of that of hydrogen, has received striking 
confirmation from modem work on the structure of matter. We 
now believe that all elements are made up of protons, neutrons, 
and electrons, and since hydrogen, the simplest element of all, is 
made up of one proton and one electron, it is obvious that it is 
correct to regard all elements as made up on the hydrogen type. 
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Moreover, the masses of all isotopes are very nearly whole numbers 
and so here again Prout’s hypothesis receives confirmation. It is 
indeed remarkable that this old hypothesis, which was discredited 
during last century, should turn out to be true after all, though in 
a very different way from that thought of by its propounder. 

The existence of isotopes of oxygen, of mass 17 and 18, raises the 
question of the suitability of the oxygen atom as a standard of 
reference for atomic weights. It has been argued that the oxygen 
isotope of mass 16 should be taken as standard, but this would make 
direct comparison, by the usual methods of determining atomic 
weights, impossible. The proportion of the O 17 isotope in the 
ordinary mixture is very small. It has been shown that 
the ratio of atomic weights calculated on the basis 0 — 16 
to those calculated on 0 Ifl = 16 is only 1*00027 to 1. Actually the 
standard O = 16 is used for chemical determinations, and O 16 = 16 
in the physical methods (§38). 

The preparation of almost pure 36 C1 by the method of thermal 
diffusion (§ 39) has led to the suggestion that when the pure 
isotope is obtained it should be used instead of oxygen to determine 
the conversion factors for chemical and ph} r sioal atomic weight 
scales. 

36. The Detection of Isotopes. — Positive-ray Analysis. — The 

nature and method of production of positive rays have already been 
briefly mentioned (§ 17). It is by a study of the positive rays 
emitted from elements that our knowledge of the number of isotopes 
present in the common elements has been derived. 

The first experiments with positive rays which led to important 
results were made by Sir J. J. Thomson, 1910-12. His apparatus 
is shown in diagrammatic form in Fig. 37. 

The discharge tube A was provided with an aluminium anode D , 
and the gas under investigation was drawn in through the fine 
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capillary E. The cathode, B, again of aluminium, surrounded a 
brass capillary tube, which was water-cooled by the water-jacket C. 
This tube acted as the perforated cathode, the positive rays passing 
through it. The positive rays were made to pass through a magnetic 
field provided by an electromagnet with soft-iron pole pieces MM, 
separated from the former by thin pieces of mica, NN. Two soft- 
iron shields, II, prevented the electromagnet from affecting the 
discharge. An eleotric field could also be applied. The positive 
rays after this treatment entered the evacuated vessel 0, and were 
recorded on a photographic plate. 

The simultaneous action of the electric and magnetic fields caused 
the positive rays to give rise to parabolas on the photographic plate, 
and for this reason the method is called Thomson’s parabola method. 
The deviation is dependent upon both the charge and the mass of 
the particles (§ 16). By comparing the positions of these parabolas 
on the plate with thbse due to elements of known atomic weight it 
was possible to estimate the atomic weight of the element producing 
them. A line was found due to an element of atomic weight 22. 
No such element was known. It was at first thought that it was 
due to carbon dioxide bearing two positive charges (thus giving the 
effect of an element of mass 22 with one positive charge), but the 
line did not disappear when the gas was slowly passed through 
liquid air, whereas that at 44 due to a singly charged carbon dioxide 
molecule, did disappear. It was also thought that a compound of 
neon and hydrogen was formed of the composition NeH 2 . This 
would have given the required line, but no evidence of the existence 
of such a compound outside the tube could bo found. 

Sir J. J. Thomson considered that ho had discovered a new element, 
and Aston set out to separate the new gas from neon by repeated 
fractionation with charcoal at the temperature of liquid air, and 
also by fractional diffusion. After a great deal of work he was able 
to separate two fractions having molecular weights 20-15 and 20-28 
with respect to oxygen as 16 (§ 5). The differences between these 
two values were too great to account for as experimental 
error. The two fractions, however, had the same spectra, the same 
boiling points, and, as far as could be judged, the same chemical 
properties. Soddy considered that the two elements, of atomic 
weights 20 and 22, were isotopes, this being the first example of 
their existence outside the radioactive elements. 

Aston now set out to discover more about these elements of mass 
20 and 22, and discarded Thomson’s parabola method in favour of 
an arrangement capable of giving more accurate results, called the 
mass-spectrograph. The arrangement of the apparatus is shown in 
diagrammatic form in Fig. 38. B is the discharge tube, A the 
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anode, and C the cathode which has a slit S v A second slit, is 
provided to cut down the rays to a fine parallel beam. This passes 
between the plates J \J % by which the electric field is applied. The 
beam now passes through a stop-cock L, into the camera part of 
the apparatus. M is a large electromagnet, by means of which a 
magnetic field can be applied, at right angles to the electric field. 
When both fields arc applied, the particles are deflected in the plane 
of the paper by an amount depending upon the ratio e/m. The 
rays fall on the photographic plate Y, and their positions are 
measured. The lines obtained are fairly broad, owing to the width 
of the slit, but the edge is sharp, and this is taken as the position 
of the line. 



J 1 °. 38. — Aston's Mass-Spectrograph (diagrammatic). From Aston ‘h 
‘M ass Spectra and Isotopes ” (1933), by permission of Messrs, 
xtdward Arnold & Co. 


Of course, a standard of measurement is required, and for this 
oxygen is taken. Lines are obtained at positions corresponding to 
32, 16 and 8, due to the molecule, the singly charged atom, and the 
doubly charged atom of oxygen, respectively. By adding carbon 
dioxide to the tube, lines are obtained at 6, 12, 28 and 44, being due 
to C++, C, CO and C0 2 respectively, thus providing a number of 
standards by which to measure the lines produced by other 
elements. 

When neon was introduced into the tube, lines were obtained 
at 22, 20, 11 and 10. There could be no further doubt that neon 
was not a pure element, but made up of two isotopes, of atomic 
weights 22 and 20. Isotopes of chlorine and argon were also 
found. 

This apparatus was only applicable for gases, and it soon became 
important to discover whether isotopes of the solid elements also 
existed. For this purpose Aston devised the method of the 
“ accelerated anode ray,” in which the positive rays were produced 
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by coating the anode with a suitable salt mixture, containing 
the element to be tested. Positive ions are emitted and are 
accelerated in their passage to the cathode, and can then be treated 
as positive rays. In this way the majority of the elements have 
been examined. 

The existence of isotopes can be shown, and their masses deter- 
mined, by means of a different apparatus, devised by Dempster 
(Phys. Rev., 1918, 11 , 316) and Rhown diagrammatically in Fig. 39. 
In this the positive particles obtained by heating salts on a platinum 
strip, or by bombarding compounds containing the element under 
investigation by electrons, are passed through a definite potential 
difference, and then pass through a slit, S 3 , into the analysing 
chamber where they are acted upon by a strong magnetic field, 



Fio. 39. — Dempster’s Positive Rav Apparatus rdiacTammatioV 


bending them into a semicircle. They then pass through a further 
slit, S 2 , and fall on a plate, R, connected with an electrometer E. 
The potential required to bring a particle of known mass on to 
the detecting electrometer is measured. Actually, the potential is 
varied, the magnetic field being kept constant, and the ionic current 
produced in the electrometer is measured. This shows peaks when 
the particles fall on the plate, the maxima corresponding to particles 
of definite masses, which can be obtained after standardising the 
instrument. 

Almost all elements have been shown to have isotopes. Even 
hydrogen itself has been shown to have an isotope of mass 2 
(§40). The Table below (Table XI.) gives a list of the isotopes 
discovered up to 1940. 
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Table XI. — Table of Isotopes 

The isotopes are given in the order of their abundance in the 
elements. Radioactive isotopes produced artificially are not 
included in this list. 


Atomic 

No. 

Element. 

Atomic 

Wt. 1 

Isotopes. 

1 

Hydrogen 

1 0081 

1, 2, 3 

2 

Helium . 

4-003 

4, 3 

3 

Lithium 

6-940 

7,6 

4 

Beryllium 

902 

9 

5 

Boron . 

10-82 

11, 10 

6 

Carbon . 

12-010 

12, 13 

7 

Nitrogen 

14008 

14, 15 

8 

Oxygen 

16-000 

16, 18, 17 

9 

Fluorine 

19-00 

19 

10 

Neon 

20183 

20, 22, 21 

11 

Sodium . 

22-997 

23 

12 

Magnesium 

24-32 

24, 25,. 26 

13 

Aluminium . 

26-97 

27 

14 

Silicon . 

28-06 

28, 29, 30 

15 

Phosphorus . 

31-02 

31 

16 

Sulphur. 

32-066 

32, 34, 33 

17 

Chlorine 

35-457 

35, 37 

18 

Argon . 

39-944 

40, 36, 38 

19 

Potassium 

39-096 

39, 41, 40 

20 

Calcium . 

40-08 

40, 44, 42, 48, 43, 46 

21 

Scandium 

45-10 

45 

22 

Titanium 

47-90 

48, 46, 47, 49, 50 

23 

Vanadium 

50-95 

51 

24 

Chromium 

52-01 

52, 53, 50, 54 

25 

Manganese 

54-93 

55 

26 

Iron 

55-84 

56, 54, 57, 58 

27 

Cobalt . 

58-94 

59, 57 

28 

Nickel . 

58-69 

58, 60, 62, 61, 64 

29 

Copper . 

63-54 

63, 65 

30 

Zinc 

65-38 

64, 66, 68, 67, 70 

31 

Gallium . 

69-72 

69, 71 

32 

Germanium . 

72-60 

74, 72, 70, 73, 76 

33 

Arsenic . 

74-91 

75 

34 

Selenium 

78-96 

80, 78, 76, 82, 77, 74 

35 

Bromine 

79-916 

79, 81 

36 

Krypton 

83-7 

84, 86, 82, 83, 80, 78 
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A tom 1: 
No. 

Element. 

Atomic 

Wt. 

Isotopes. 

37 

Rubidium 

85-48 

85, 87 

38 

Strontium 

87-63 

88, 86, 87, 84 

39 

Yttrium 

88-92 

89 

40 

Zirconium 

91-22 

90, 92, 94, 91, 96 

41 

Niobium 

93-3 

93 

42 

Molybdenum . 

95-95 

98, 96, 95, 92, 94, 100, 97 

43 

Masurium 

2 


44 

Ruthenium 

101-7 

102, 101, 104, 100, 99, 96, (98) 

45 

Rhodium 

102-91 

103, 101 

46 

Palladium 

106-7 

106, 108, 105, 110, 104, 102 

47 

Silver . 

107-880 

107, 109 

48 

Cadmium 

112-41 

114, 112, 111, 110, 113, 116, 
106, 108, 118 

49 

Indium . 

114-76 

115, 113 

50 

Tin 

118-70 

120, 118, 116, 119, 117, 124, 
122, 112, 114, 115 

51 

Antimony 

121-76 

121, 123 

52 

Tellurium 

127-61 

130, 128, 126, 125, 124, 122, 
123, (120) 

53 

Iodine . 

126-92 

127 

54 

Xenon. 

131-3 

132, 129, 131, 134, 136, 130, 
128, 124, 126 

55 

Caesium , 1 

132-91 

133 

56 

Barium . 

137-36 

138, 137, 136, 135, 134, 130, 
132 

57 

Lanthanum . 

138-92 

139 

58 

Cerium . 

140-13 

140, 142, (136, 138) 

59 

Praseodymium 

140-92 

141 

60 

Neodymium . 

144-27 

142, 144, 146. 143, 145, 148, 
150 

61 

Illinium. 

? 


62 

Samarium 

150-34 

152, 154, 147, 149, 148, 160, 
144 

63 

Europium 

152-0 

163, 151 

64 

Gadolinium . 

156-9 

156, 158, 155, 157, 160, 164, 
152 

65 

Terbium 

159-2 

159 

66 

Dysprosium . 

162-46 

164, 162, 163, 161, 160, 158 

67 

Holmium 

163-5 

165 

68 

Erbium 

167-2 

166, 168, 167, 170, 164, 162 

69 

Thulium 

169-4 

169 . 
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Atomic 

No. 

Element. 

Atomic 

Wt. 

Isotopes. 

70 

Ytterbium 

17304 

174, 172. 173, 176. 171, 170. 

• 168 

71 

Lutecium 

175-0 

175 

72 

Hafnium 

178-6 

180, 178, 177, 179, 176, 174, 
(172) 

181 

73 

Tantalum 

180-88 

74 

Tungsten 

183-92 

184, 186, 182, 183, 180 

75 

.Rhenium 

186-31 

187, 185 

70 

Osmium 

190-2 

192, 190, 189, 188, 187, 186, 
384 

77 

Iridium . ; 

193-1 

193, 191 

78 

Platinum . 

195-23 

195, 194, 196, 198, 192 

79 

Gold . . 1 

197-2 

197 

SO 

Mercury 

200-61 

202, 200, 199, 201, 198, 204, 
196 


Atomic 

No. 

Element, 

Alornic 

WU 

( 

Isotopes 

Radioactive 

Isotopes. 

81 

Thallium 

204-39 

205, 203 

207, 208, 210 

82 

Lead 

207-21 

208, 206, 207, 
204 (203, 205, 
209) 

210, 211, 212, 
214 

83 

Bismuth 

209-00 

209 

210, 211, 212, 
214 

84 

Polonium 

210-00 


210, 211, 212, 
214, 215, 216, 
218 

86 

_ 

— 

— 

— 

86 

87 

Emanation 
(Radon). 
Eka-caesium . 

222 

? 

• 

222, 219, 220 

88 

Radium . 

226-05 


i 226, 223, 224, 
228 

89 

Actinium 

? 


227, 228 

90 

Thorium 

232-12 

232 

232, 227, 228, 
230, 234 

91 

Proto-actinium 

? 


231, 234 

92 

Uranium 

238-07 


238, 235, 234 
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37. The Whole-Number Rule, and Deviations from it. — Attention 
has already been called to the fact that the masses of isotopes are 
all very nearly whole numbers, and that therefore Prout’s hypothesis 
is more nearly true than was believed during the last century. This 
fact, of course, is what would be expected when it is realised that the 
electron has an extremely small mass, and that even 92 of them, 
the maximum number of extra-nuclear electrons found in any 
element occurring naturally, will weigh only a small fraction of a 
unit. 

It is, however, true that there is sometimes a very slight deviation 
from this rule that the mass of any isotope is a whole number. 
Hydrogen itself has an isotope of mass 1*008 on the standard that 
the mass of the oxygen atom is 16. This is explained on the modern 
view that mass is entirely electrical in origin. If two charges are 
brought close to each other, it can be shown that the interaction 
of their fields causes a loss in mass. This effect is only found 
when the separation of the two charges is very small indeed. 
The total mass of the nucleus will not be the sum of the masses 


Table XII. — Packing-fractions of Atoms 



Atom. 


Packing-fraction. 

X 10 4 . 

Atom. 


Packing-fraction 

X 10 4 . 

H 

• 


77-8 ± 15 

As 

• 

• 

- 8-8 ± 1-5 

He 

• 


5-4 ± 1 

Cr 62 

• 

• 

- 10 dr 3 

Li* 

• 


20 0 ± 3 

Kr 78 

• 


- 9-4 ± 2 

Li* 

• 


17*0 ± 3 

Br ,B 



- 9 0 d: 1-5 

RIO 

• 


13-5 ± 1-5 

Kr 80 

• 


- 9-1 d: 2 

B u 

• 


10 0 d- 1-5 

Br* 1 

• 


- 8-6 d: 1-5 

C 

• 

ft 

30 ± 1 

Kr 82 

a 


- 8*8 ± 1*5 

N 

ft 


5-7 ±2 

Kr 8 ® 

• 


- 8-7 d: 1-5 

0 

• 


00 

Kr 8 * 

• 


- 8-5 ± 1-5 

P 


a 

00 ± 1 

Kr 88 

• 


- 8-2 ± 1-5 

Ne*® 

• 

• 

0-2 ± 1 

JVIo® 8 

• 


ca — 5-5 

Ne 2 * 

• 

• 

ca 2-2 

Mo 100 

• 

• 

ca — 6-5 

P 

• 

• 

- 5-6 ± 1-5 

1 

• 

f 

- 5-3 d: 2 

Cl®* 

• 

• 

- 4-8 ± 1-5 

Kn 12 ® 

• 

ft 

- 7-3 d; 2 

A®* 

• 

• 

- 6 0 ± 1-6 

Os 

Xe 1 ®* 

A 

n 

ft 

ft 

-5 ±2 
~ 5-3 ±2 

Cl*® 

• 

• 

- 6-0 ± 1-5 

Ba 

Hg 20 ® 

It 

• 

• 

r 

- 61 
+ 0-8 ± 2 

A« 

• 

r 

! -7-2±l 

T1 

Pb 2 ®® 

• 

* 

• 

• 

1 

1 

+ 1-8 
-j- 0*8 i 2 
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of the protons and neutrons, but slightly less than this. This, of 
course, will also make itself felt in the total mass of the atom, 
which is made up of the mass of the nucleus and of the extra- 
nuclear electrons. In the hydrogen atom there is only one proton 
in the nucleus, and so there will be none of this effect. Its mass 
will therefore be slightly grea ter than one-sixteenth of the mass of 
the oxygen atom. This effect is called close-packing. The loss of 
mass obviously depends upon the closeness of the packing of the 
charges in the nucleus. 

The packing of particles in the nuclei of all elements is not the 
same, and so the elements show slight deviations from the whole 
number rule due to the packing effect. Aston, with a more refined 
mass-spectrograph, has been able to determine the “ packing- 
fraction ” or divergence from the whole number rule, for several 
atoms, and the results are shown in Table XII. 

The packing-fraction obviously measures the forces which keep 
the constituents of the nucleus bound together. If the value is high 
the neutrons are further separated from the protons, and the atom 
is therefore loss stable. If the value is low the nucleus will be more 
stable. A curious alternation is noted in the packing-fraction as we 
proceed from elements of odd atomic number to those of even 
atomic number. There are several other properties which alternate 
in the same way. 

As mass and energy are interconvertible, the packing-fraction is of 
considerable importance in connection with the utilisation of atomic 
energy (§ 43c). 

38. The Physical Determination of Atomic Weights.— If we knew 
the packing-fractions of the different elements and the proportions 
of the isotopes occurring in the element as commonly prepared, it 
would be possible to calculate the atomic weight. 

This had been attempted almost as soon as the existence of isotopes 
of the common elements had been proved. The relative abundance 
of the isotopes was estimated visually from the photographs obtained 
by the first mass-spectrograph. At first the results were found to be 
in excellent agreement with the chemical values ; but when krypton 
was studied, the first serious discrepancy arose. With this element 
six lines were fomid, each of them corresponding to an integral mass, 
and therefore belonging to a definite isotope. The position of the 
centre of gravity of this group was estimated, and gave an atomic 
weight for the element of 83*5 + 0*3. The international figure, based 
on deter min ations of the density, was 82-92. With boron, two iso- 
topes were found of masses 10 and 11, and the atomic weight calcu- 
lated from these was less than the chemical value of 10*90. Xenon 
gave a mean value of 131-3 + 0-3, whereas the international value 
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was 130-2. The greatest discrepancy of all was with antimony, the 
isotopes of which were 121 and 123, whereas the international atomic 
weight was lower than either, viz., 120-2. Beryllium, according to 
positive ray analysis was a simple element, and hence its atomic 
weight should be integral. The value accepted was 9-1, which was 
considered to be too far removed from an integer. The fact that the 
physical values differed from the chemical in these cases led to a 
redetermination of these atomic weights by chemical methods, and 
in the cases of boron, beryllium and antimony, the discrepancies 
were reduced to very small magnitudes, although they remained 
for krypton and xenon. • 

The first actual determinations of the relative abundance of iso- 
topes in a given element, apart from the somewhat rough visual 
determination, were carried out by Dempster, who analysed the 
positive rays magnetically, and compared the currents caused by 
the rays due to the various isotopes, when they ionised a gas. The 
method has already been described (§ 36). The masses of the 
isotopes were not determined, but by assuming that the whole 
number rule was valid, he was able to show that the atomic weights 
of potassium, magnesium, calcium and zinc were in fair agreement 
with those derived chemically. 

In 1925, Aston devised the second mass-spectrograph, which has 
already been described, and with its aid he was able to show that 
the whole number rule was not strictly valid owing to the existence 
of “ packing-fractions.” 

When these are known the correct mass of any isotope can be 
written down, and this is, of course, a preliminary to any calculation 
of atomic weights by the physical method. It was still necessary, 
however, to devise some more accurate method of comparing the 
relative abundance of the isotopes in any given element, and- this 
was done by Aston, who invented a photometric method of esti- 
mating the intensity of the blackening on the photographic plate 
upon which the isotopic lines were registered. 

As this work is of extreme importance as providing very accurate 
values for the atomic weights of elements, it will be described fairly 
thoroughly. At first krypton was taken as the standard element, 
as it has six isotopes, and provides rays in which it is safe to assume 
that the proportion of the isotopes does not vary. The relative 
abundance of the isotopes of mass 84 and 86 respectively was first 
determined by the method of intermittent exposures. By a special 
mechanical arrangement the lines were photographed with normal 
and with reduced times of exposure, the two images being separated 
from each other by slightly varying the electric field. The effect of 
this change of field was eliminated by taking the next picture with 
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the field change reversed. By breaking up the exposure into small 
ones the continuous change in the intensity of the source was 
compensated for as far as possible. The ratio of the exposures was 
altered until the stronger of the two lines and the normal one of the 
weaker were virtually equal. The ratio for correct equality was 
calculated, and when corrected for the effect of the penumbra of the 
neighbouring lines and for the relative positions of the two lines on 
the plate, the value 3*41 was obtained for the ratio of the abundance 
of Kr 84 compared with that of Kr 86 . The process was repeated for 
the other isotopes, and the following ligures were obtained for the 
percentage abundance of the isotopes : — 

78 80 82 83 84 86 

0*42 2*45 11-79 11-79 56-85 16-70 

These give a “ mean mass number ” of 83-857, which, when corrected, 
for a packing-fraction of - 8-8 in 10,000 gives the atomic weight 
(O — 16) as 83-783. This was considerably higher than the chemical 
value (82-92) then accepted. Allen and Moore («/. Amer. Che?n. 8oc. t 


Table XIII. — Chemical and 


Element. 

Atomic 

Number. 

Inter- 

national 

Atomic 

Weight. 

Physical 

Atomic 

Weight. 

H 1 

1 

1-0078 

1-00761 1 

He 

2 

4-002 

4-00136 

Li 

3 

6-940 

6-928 !| 

B 

5 

10-82 

10-803 

C 

6 

1200 

12-0037 

N 

7 

14-008 

14-008 

O 1 

8 

16-000 

16-000 

F 

9 

19-00 

18-996 

P 

15 

31-02 

30-98 

Sc 

21 

45-10 

44-96 

Cr 

24 

52-01 

52-01 

Zn 

30 

65-38 

65-33 

Ge 

32 

72-60 

72-65 

As 

33 

74-91 

74-92 

Se 

34 

78-96 

78-96 

Br 

35 

79-916 

79-911 

Kr 

36 

83-7 

83-767 

Rb 

37 

85-44 

85-43 


Physical Atomic Weights 


Element. 

Atomic 
N umber. 

Inter- 
national j 
Atomic 
Weight. 

Physical 

Atomic 

Weight. 

Sr 

38 

87-63 

87-64 

i\b 

41 

93-3 

92-90 

Mo 

42 

96-0 

95-97 

Ru 

44 

101-7 

(101*1) 

Sn 

50 

118-70 

118-71 

Sb 

51 

121-76 

121-78 

Te 

52 

127*61 

127-58 

I 

53 

126-932 

126-91 

X© 

54 

131*3 

131-26 

Cs 

55 

132-91 

132-91 

Ba 

56 

137-36 

137-43 

Ta 

73 

181-4 

180-89 

\V 

74 

184-0 

183*96 

Re 

75 

186-31 

186-22 

Os 

76 

191-5 

190-31 

Hg 

80 

200-61 

200-62 

Ti 

81 

204-39 

204*41 

Pb 

82 

307-22 

207*19 


(From the Journal of the Chemical Society , 1932, 2893 ; with soma 
corrections from more recent work.) 
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1931, S3, 2512) then redetermined the density of krypton from 
liquid air residues, and found the value 83*6 for the atomic weight, 
which is in agreement with Aston’s figure. The international value 
now accepted is 83*7. 

The atomic weights of the other elements were more difficult to 
determine, as the apparatus would not resolve the lines sufficiently 
to enable one of the lines to be photographed between two others 
without overlapping. In this case, a largo number of short exposures 
of different times was used, and the best mean values adopted from 
the curves obtained. 

The atomic weights of a large number of elements have now been 
determined by this physical method, and the results are given in 
Table XIII. 

Where the values differed from those accepted and determined on 
the chemical basis, re-determination on this basis has usually shown 
that the physical method gave the correct result. The atomic weight 
of selenium, which differed from the chemical value by 0-24 unit, 
was re-determined chemically by Honigschmid, who found a value 
close to that obtained physically. 

There arc many difficulties yet to be overcome in the photometry 
of the mass-spectrograph, but there is no doubt that it is capable of 
providing results at least equal to those derived chemically, and it is 
exceedingly interesting to find that the results of the two methods, so 
different in principle, are so near to each other. This indicates quite 
clearly that the theories on which both are based are essentially 
correct. 

39. The Separation of Isotopes. — The separation of isotopes is a 
matter of extraordinary difficulty. It is clear that as there are no 
differences in chemical properties (except in the case of hydrogen, 
where compounds of the two isotopes separately are found to 
enter into certain reactions at different rates), the only methods 
of separation that can be used must involve some physical 
property. 

The method that strikes one as being immediately applicable is 
that of diffusion. If there are differences in the density, it should 
be possible to separate the isotopes by the process of diffusion. This 
has been tried with hydrogen chloride, but the process is very 
tedious, since the difference in density is so small. Harkins, who 
attempted to separate hydrogen chloride into two fractions, em- 
ployed 20,000 litres of the gas, and obtained finally a difference of 
molecular weight of 0*055 unit. 

Aston, somewhat earlier, had attempted to separate neon into 
fractions by the same method, and finally obtained two fractions 
having densities 20*15 and 20*28 respectively, the normal density 
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being 20*20. The neon isotope of mass 22 has now been 
separated perfectly from the isotope of mass 20 by a diffusion 
process. 

The fact that the rate of evaporation of a mixture of atoms varies 
with the mass of the atom has also been used for their separation. 
A greater number of the light atoms will escape from the surface in 
a given time, and the residue will therefore be richer in the heavier 
atoms. The rates of evaporation of otherwise identical atoms under 
the same conditions are inversely proportional to the square root 
of their masses. By keeping the pressure on the surface? of the liquid 
low, none of the atoms escaping will return to the surface, and so 
a partial separation can be effected. 

The method has been used by Bronsted and Hovesy in the 
separation of mercury into two fractions, one containing a greater 
proportion of the lighter isotopes, and one containing a greater 
proportion of the heavier. The mercury was allowed to evaporate 
in a high vacuum, at a temperature of 40°- 60° C., and was condensed 
on a surface 1-2 cm. away, cooled in liquid air. Actually, the 
mercury was placed in the space between the two walls of a Dewar 
flask containing liquid air. The lighter atom!* which evaporated off 
first were condensed to the solid state on the cold surface, and 
therefore had no chance of returning to the liquid. After the 
evaporation had gone on for some time, the mercury residue was 
removed, and the solid distillate was melted, and kept apart. The 
process was repeated with this, and so on. If the density of ordinary 
mercury is taken as 1, the densities of the lightest and heaviest 
fractions were 0*99974 and 1*00023 respectively. 

Harkins improved the apparatus, and by working on a larger 
scale was able to obtain mercury having an atomic weight differing 
by 0*189 unit from that of ordinary mercury. The experiment 
has also been repeated by Hr'nigschmid and Birckenbach, who 
obtained fractions of atomic weights 200*564 and 200*632 
respectively, whereas the atomic weight of ordinary mercury is 
200-61. 

The method has also been applied to potassium by Hevcsy, and 
to zinc by Egerton. 

The fractionation of isotopes by electrolysis is a method that 
has been used, particularly in the separation of the hydrogen 
isotopes. Kendall (1933) claims to have effected a slight separa- 
tion of mercury isotopes by this method. Electrolysis of an acid 
solution of mercurous nitrate, using a low voltage, and low current 
density, gave mercury with a density 0*999981 that of ordinary 
mercury. 

The method of thermal diffusion has been applied very success- 
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fully to the separation of isotopes by Clusius and Dickel (1938). 
it is based primarily on an observation by Enskog (1911), who 
showed that if a gaseous mixture of molecules of different mass 
was enclosed in a tube which was hotter at one end than at the 
other, the heavier molecules would tend to diffuse towards the cooler 
end. This process of thermal diffusion would go on until it was 
balanced by the effect of ordinary diffusion, which would, of course, 
work in the opposite direction. 

Whilst this process may bring about a reasonable separation of 
gases which differ considerably in mass and nature, without modifi- 
cation it is of very little use for the separation of isotopes which 
do not differ much in mass. In the method devised by Enskog. 
and used by Chapman and Dootson for the separation of a mixture 
of hydrogen and carbon dioxide, convection currents are avoided 
by having the hot plate parallel to, and above, the cold one. If, 
however, the parallel plates are placed vertically convection currents 
may be made to enhance the separation. In the diagram convection 
currents occur as shown by the arrows. At the 


Lighter 

Component 



Heavier 

Component 


same time thermal diffusion brings about a 
concentration gradient with the lighter com- 
ponent near the hot plate. This gas reaching A 
is carried upwards, that at B travels downwards. 
This means that the lighter fraction will become 
concentrated at the top of the apparatus and 
the heavier at the bottom. In the apparatus 
used by Clusius and Dickel for this purpose, a 
vertical glass tube was used with an electrically 
heated wire running down the centre. The glass 
tube was cooled on the outside by a current of 
cold water. With apparaLus of this kind, the 
tube* being 36 metres long, the isotopes of 
chlorine have been separated almost completely. 

The method has been used to obtain the 


Fiu. 39a. uranium isotope of mass 235 for nuclear chain 


reactions in uranium (§ 43b). In this case uranium 


hexafluoride, UF 6 , was used as the carrier gas. 

The method of thermal diffusion can also be applied to liquids, 
but is limited to substances which are not decomposed at the 
temperature of the hot wire. 

40. The Hydrogen Isotope, H 2 . — One of the most outstanding 


pieces of recent research has been the discovery of the hydrogen 
isotope of mass 2. The fact that the physical atomic weight of 
hydrogen differed from the chemical value, though by very little 
(the physical atomic weight is 1*00756, whilst the chemical value is 
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1-0078, both calculated on the chemical standard) led Birge and 
Menzel {Phys. Rev., 1931 , 37, 1669) to suggest that ordinary hydrogen 
consists of a mixture of the atoms of mass 1 (approx.), and a very 
small amount of an isotope of double this mass, only the former 
having been observed in Aston's experiments fixing the physical 
atomic weight. The more recent work has shown that the difference 
between the two atomic weights can be approximately accounted for 
by the proportion of the isotope! present, the* ratio of the abundance 
of H 1 to that of H a being 6,500 to 1. 

The residues left after the evaporation of large quantities of liquid 
hydrogen wore found to give faint lines corresponding to H 2 , when 
examined spectroscopically [Urey, Brickweddo and Murphv (Phys. 
Rev 1932, 40 , 1)]. Bainbridge (Phys. Rev., 1932. 41 , 115)'has also 
demonstrated the existence of the isotope means of the mass- 
spectrograph, obtaining a value for its mass of 2-01351 -J- 0-00018, 
referred to O 16 = 16. The nucleus of the new isotope might consist 
of two protons and one electron, but with the discovery of the 
neutron and the positive electron, alternative structures for this 
nucleus (which has been called the deuteron), can be devised, it 
may consist of two neutrons and one positive electron (§43d). 

The separation of the hydrogen isotope was carried out by Wash- 
bum and Urey, in 1932, by the examination of water from com- 
mercial electrolytic cells which had been working for some years. 
There was shown to be more H 2 in this water than in ordinary water. 
Lewis and Macdonald electrolysed 20 litres of water from an old 
electrolytic cell, which contained alkali, with a current of 260 
amperes, until the volume, was only 10 per cent, of the original. 
One-tenth was neutralised with carbon dioxide and the rest distilled. 
Then the two sets were combined. The process was repeated until 
only £ c.c. was left. The water they finally prepared had a specific 
gravity of 1-073, and probably contained 85 per cent, of heavy 
water, HjO. 

If water is distilled through a long fractionating column, quite a 
large separation of isotopes results, especially if the work is carried 
out under reduced pressure. Practically pure “ heavy water ” was 
obtained by Lewis and Macdonald, who found that its freezing point 
was + 3-8° C., and boiling point 101-42° C. Many other physical 
properties of the water have been examined. It has a maximum 
density at 11*6° C. 

The hydrogen isotope, H 2 , itself has been prepared in a state of 
purity by Hertz, Schutze, and Harmsen, by a process of diffusion* 
Since the two isotopes differ in mass by approximately 100 per cent., 
their separation by this method should be much more easy than for 
other elements. Water from an electrolysis apparatus was reduced 



100 


ATOMIC STRUCTURE— PART I 


by magnesium. The hydrogen thus obtained consisted of HJ, and 
composite molecules, made up of an atom of each isotope, H ] H a , 
with only a small amount of H 2 . By passing the electric discharge 
through the mixture, the composite molecules were broken down 
into their atoms, which recombined to form molecules of H \ and H 2 . 
The mixture now contained only the two molecular species, and was 
readily separated into the two constituents by diffusion,. In this 
way the H a isotope was obtained spectroscopically pure. 

In most cases, the chemical properties of isotopes are very nearly 
the same, and this also applies to compounds made from different 
isotopes. In the case of hydrogen, however, this docs not appear 
to bo so, for the compounds made from one isotope are different in 
some important respects from those made from the other. Thus, 
“ heavy water,” which is H|0, is toxic to certain forms of life, a fact 
which had been predicted by Lewis even before the water was 
obtained. 

Heavy hydrogen probably reacts more slowly than the lighter 
form. It has been reported that electrolytic hydrogen is more active 
in the Haber ammonia synthesis than other hydrogen prepared from 
steam. In fact, the velocity of reaction is 10-40 per cent, greater. 
This is probably due to the fact, that when water is electrolysed, the 
heavy isotope is left in the water in the cell, whilst the lighter one 
is evolved. 

It is a matter of some importance to note what effect the discovery 
of this isotope will have on the determination of the composition of 
substances containing hydrogen. In determining the composition 
of water, or of ammonia, or any other gas containing hydrogen, it 
will now be necessary to make certain that the “ pure ” gas is used, 
or else its composition must be known. The source of the hydrogen 
used in the experiments must be stated. This difference in com- 
position of hydrogen obtained from different sources explains the 
differences that have been found in the composition of water (§ 13). 

It is clearly advantageous to retain the oxygen standard for 
atomic weight determinations in the light of the new discovery. As 
has been stated already (§11), the determination of the atomic 
weights of Bolid elements usually involves the determination of the 
equivalents. This is often found by determining the weight of the 
element that will combine with 8 gms. of oxygen. If, however, the 
scale H = 1 is taken, the equivalent of oxygen is no longer 8, and 
moreover its determination will not be a simple matter, since it 
depends on the composition of water. 

It has been pointed out that, with the existence of the two isotopes 
of carbon, C 12 and C 13 , and the two isotopes of hydrogen, the 
properties of which are different from each other, a new organic 
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chemistry might be possible, in which the compounds were made 
by combination of the various pure isotopes. The use of heavy water 
in medicine may also prove a useful field of research. A preparation 
containing 30 per cent. H®0 is now a commercial article. 

Heavy water has proved to be of great importance in the con- 
trolled chain-fission of uranium (§ 43b). 

41. Variation of the Atomic Weight of an Element with its Source. 
— It is a curious fact that no matter how an element is prepared 
chemically in the laboratory, the proportion of the isotopes present 
in it is always the same. This may not be so, however, with naturally 
occurring elements and compounds. Some of these may have been 
formed from radioactive sources, and may have different atomic 
weights according to the source from which they are derived. This is 
known to be the case with lead. Lead minerals derived from different 
radioactive sources have different atomic weights. Thus the atomic 
weight of lead from a deposit supposed to have come from uranium 
was 206.08, a mixed Australian mineral gave an atomic weight 
206*34, whilst ordinary lead has the atomic weight 207*19. 

The atomic weight of calcium is found to differ according to its 
source. A. V. Frost and O. Frost claim to have found a concentration 
of Ca 44 in a specimen of potash felspar, the val ue 40-23 being obtained 
for the atomic weight of the calcium in this mineral, whereas that 
of ordinary calcium is 40-08. 1 

The atomic weight of three specimens of boron from different 
sources gave the values 10*847, 10-823 and 10*818. The differences 
are too great to be ascribed to experimental error. As boron is light, 
its isotopes differ in mass by 10 per cent., and consequently the effect 
is more marked with this element than with others. 

The variation in atomic weight of hydrogen according to its 
source has already been mentioned (§40). 

42. Atomic Transmutation. — The radioactive elements are con- 
tinually undergoing spontaneous disintegration, and new elements 
are being formed. This process is going on every day, and no method 
is known of stopping, or of accelerating it. Thus, transmutation is 
occurring, but we have no control over it. 

It is to the transmutation of ordinary elements that attention is 
called by recent research. The properties of an element depend 
on the atomic number, which is numerically identical with the 
resultant positive charge on the nucleus. To transmute an element, 
the nucleus must be altered artificially, t'.e., the process which goes 
on naturally with the radioactive elements must be carried out in the 

l The Ca of atomic weight 40-23 is supposed to have been formed from K 41 
bv a fl-ray change. The existence of Ca of high atomic weight in minerals has 
been confirmed by Kendall, Smith, and Tait, Mature, 1933, 131, 888. 
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laboratory. Practically all the mass of the atom is concentrated 
in the nucleus, and consequently almost all the energy. If any 
ohange is to be brought about in the nucleus, energy of a similar 
amount and concentration must be supplied. 

a-particles from radioactive bodies are fairly heavy, and although 
their speeds do not approach those of /1-particles, they are possessed 
of a fairly great amount of energy. According to the Einstein theory 
of relativity, the mass of a moving charged body depends upon its 
velocity, becoming infinite when the velocity is that of light (§ 22). 
The more rapidly the a-particle moves the greater is its kinetic energy 
{\mv 2 , where m is the mass, and v the velocity), not only because 
the velocity increases, but because, in consequence of the latter, the 
mass is also increased. The more rapidly moving a-particles will 
therefore be possessed of high energy. 

Rutherford, in 1919, found that when a-particlos from a radio- 
active source were fired into nitrogen, a certain amount of trans- 
mutation took place. The tracks of the particles were made evident 
by means of the Wilson cloud-chamber (§21), and evidence was 
found of the formation of high-speed hydrogen nuclei or protons. 
It must be remembered that the amount of transmutation was 
exceedingly small, and would never have been observed unless extra- 
ordinarily sensitive methods had been used for detecting it. Other 
elements were found to be disintegrated in the same way. Boron, 
nitrogen, fluorine, sodium, aluminium, phosphorus, neon, mag- 
nesium, silicon, sulphur, argon and potassium, all gave a small 
number of charged hydrogen nuclei on bombardment with swift 
a-particles. 

It has been pointed out that in order to obtain transmutation, 
particles possessing high energy are required. These need not be 
a-particles ; protons will also serve the purpose. Attempts to use 
protons, however, from sources such as discharge tubes, were not 
at first successful, owing to the fact that it seemed to be necessary 
to employ very high potentials in the discharge tubes to obtain 
protons with the requisite energy. These difficulties were entirely 
overcome by the adoption of a device for enhancing the energy of the 
protons. As early as 1902, Wien had shown that protons could be 
accelerated as they passed through the perforated cathode. After 
passing through the “ canal,” they were passed into a highly 
evacuated space, and then accelerated by means of an electric field 
of great intensity. 

This method of obtaining rapid protons has been used with success 
by Cockcroft and Walton. By passing the protons from a discharge 
tube through a field of 125,000 volts in an evacuated space they were 
speeded up to such an extent that they possessed velocities com- 
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parable with those of the a-particles f rom polonium. Bombardment 
with these high-speed protons was applied to the disintegration of 
lithium. A large number of a-partieles was emitted. The change 
appears to be that the nucleus of lithium, of mass 7, and atomic 
number 3, which contains 3 protons and 4 neutrons, takes up one 
proton, and then splits into two a-partieles of mass 4 and charge 2 

Li 7 + H 1 ~ He 4 + He 4 . 

Boron is quite easily broken down by protons, with the emission of 
a-particles. The boron nucleus of mass 11, and containing five* 
protons, takes up a proton of mass 1 , and breaks down into three 
a-particles : — 

B 11 + H 1 = 3He 4 . 

Another method of producing rapid protons for these experiments 
has been devised by Lawrence in America, and by Gerthsen in 
Germany. They have accelerated the particles by making them pass 
through the same potential over and over again. The process is 
known as “ multiple acceleration,” and is carried out in a cyclotron. 
In this w&y they have been able to produce protons of energy 
1-6 million volts, by using an accelerating potential of only 10,0()0 
volts. Oliphant and Rutherford have devised a special accelerating 
tube which will produce a narrow and intense stream of protons 
with voltages up to 200 kilovolts. 

Other types of apparatus used for the production of high-speed 
particles are the betatron and the synchroton. 

Hard y-rays are also possessed of sufficient energy to bring about 
disintegration. It will be shown in the next chapter that the energy 
associated with a radiation of frequency c, is proportional to the 
frequency, Thus, the smaller the wavelength, the greater the 
frequency, and the greater the energy. 

Neutrons are particularly valuable as bombarding particles for 
bringing about atomic transmutation because they are uncharged. 
They can therefore penetrate atoms with a much smaller chance of 
capture. Charged particles are slowed down considerably in passing 
through matter because of the other charged particles (electrons 
and protons) with which they interact. A neutron, however, goes 
straight on until it encounters a nucleus head-on; if it is then 
captured an unstable nucleus may result, when an artificially radio- 
active nucleus will have been formed. On the other hand if the 
nucleus is stable, the original element will have been changed to 
another. 

Experiments on atomic transmutation have been carried out, 
liftin g the nucleus of the hydrogen isotope, H a , or deuteron, as the 
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firing particle. It is possible in this way to transform lithium into 
helium, and nitrogen into carbon. 

Li fl + H 2 - 2He 4 , 

N 14 + H 2 -C 12 + He 4 . 

Kirchner has used helium as a firing particle, and has obtained 
traces of transmutation. 

There is yet another means of transmutation, which, however, is 
beyond our control. There is a very penetrating radiation in the 
earth’s atmosphere, known as cosmic rays or ultra-radiation. The 
effect of this radiation can bo observed even after passage through 
many feet of water. It is supposed by some to consist of electrons 
and protons of energy from 200,000,000 to 2,000,000,000 volts. The 
origin of those rays is still a mystery, though many theories have 
been advanced. Joans believed that cosmic radiation may be due to 
the annihilation of hydrogen and helium atoms. Particles possessing 
the energy mentioned above should be extraordinarily effective as 
firing particles in bringing about transmutation. Such transmutation 
has been observed by Messerschmidt, and is probably going on every 
day around us. It would account for the existence of numerous 
isotopes, such as the O 17 isotope, which possibly is formed from 
nitrogen as follows : — 

N 14 + He 4 = O 17 +H 1 . 

Summing up, the artificial disintegration of the elements can be 
brought about by bombardment of the atom with a-rays, positive 
rays, or protons, deutcrons, a-rays, helium nuclei, and neutrons. 
The processes are reversible and take place according to the general 
equations 

A+a^B+H+, 

or A + a ^ B -f- n. 

There is thus in the nucleus an exchange of a helium nucleus with 
a proton, or with a neutron. 

In all these processes, the disintegration apparently stops when 
the bombarding particles are switched off, but Curie and Joliot dis- 
covered an artificial radioactivity when certain elements are disin- 
tegrated. The radioactive elements themselves possess unstable 
nuclei, and the latter break down according to an exponential law. 
When aluminium is bombarded with polonium a-rays, the final 
product is the silicon nucleus of mass 30 and charge 14, together 
with neutrons and positive electrons : — 

, ' Al”+HeJ->Si« +n+e+. 

The top 'tgures indicate masses, the lower ones chargeB. 
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When the bombarding a-rays are removed, evidence of the 
emission of positive electrons can still be obtained. Meitner has 
actually photographed them nine minutes after the bombarding rays 
had been switched off, using the cloud-chamber method. There is 
evidence that the primary change in this disintegration is 

A1!I +He$-»P Z+v. 

The P 30 nucleus is unstable, and breaks down like the nucleus of a 
radioactive atom, according to the equation 

-+ »£+**■ 

This change occurs even when there is no bombardment taking 
place ; it is an artificial radioactive change, and follows the expo* 
nential law for decay. 

Similarly Meitner has photographed the emission of positive 
electrons from boron twelve minutes after exposure to polonium 
a-rays. The total change here is 

but the primary change is doubtless 

B 1 ® + Hf£-»N 13 +», 

with the radioactive disintegration of the unstable nitrogen nucleus 
according to the equation 

C' f ;* + e+ 

It has also been found possible to make elements of atomic 
numbers 93 and 94 artificially by bombarding uranium with neu- 
trons under certain conditions. These elements have, in general, the 
properties associated witix the other elements in their particular 
groups in the periodic table and are called neptunium and plutonium, 
respectively. 

Fermi has shown that slow neutrons can react with almost all 
nuclei, giving, in most cases, radioactive products. 

A very large number of nuclear reactions have now been studied, 
and it is impossible in a general text-book to mention any of them 
in detail. A list of nuclear reactions giving rise to artificial radio- 
activity which, have been investigated up to 1941 will be found in 
A Treatise of Physical Chemistry , Vol. I., edited by Taylor and 
Glasstone (Macmillan). 

43. The Detection of Atomic Transmutation. — In the early work 
on atomic transmutation the amounts of the products were so small 
as to be unweighable and even too minute to respond to chemical 
tests. Although a few elements have now been obtained by this 
method in quantities large enough to admit of chemical identifioa* 
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tion, and even to enable their properties to be studied, the majority 
of the products are identified by physical methods. 

Fast-moving charged particles are capable of ionising molecules 
of gases. This ionisation can bo detected in a number of ways. One 
method is by means of the Wilson cloud- chamber already described 
(§ 20). This is very largely used because not only does it enable 
the existence of particles to be detected, but a quantitative estimate 
of their mass can be obtained from the length of the tracks. 

Other apparatus for detecting and measuring ionisation are the 
various types of “ counter.” The Geiger-Miilier counter consists 
essentially of a wire surrounded by a tubular electrode in an 
ionisation chamber. When fast-moving ionising particles enter the 
chamber they produce primary ions in the gas in the chamber. If 
the potential difference between the wire and the electrode is 
sufficiently great, the primary ions produce a large number of 
secondary ions, and a discharge is initiated in the gas. This means 
that a current flows between the electrodes, and can be detected 
in the usual way. The current would, however, continue indefinitely 
once the discharge was started, and some method has to be adopted 
to “ quench ” it. There are various ways of doing this which need 
not be entered into hero. 

A modification of the Geiger-Muller counter is the proportional 
counter which is so arranged that the total number of ions produced 
is proportional to the number of primary ions formed. It is actually 
possible with this apparatus to distinguish between ionisation pro- 
duced by different types of particles. 

Neutrons, of course, cannot be detected directly by means of 
ionisation, as, being uncharged, they are unable to produce ionisation 
in a gas. However, the ionisation method can still be used indirectly. 
The neutrons are made to bombard atoms, usually boron, when an 
alpha particle and a lithium nucleus are produced. These have 
sufficient energy to bring about ionisation in an ionisation chamber 
or counter. 

Another method of measuring neutron densities is to use the 
neutrons to produce artificially radioactive nuclei and then measure 
tho degree of activity of the product. 

43a. Energy Considerations.— The question of whether it is 
possible to use atomic energy for industrial purposes has often been 
debated, and statements have sometimes been made that if the 
energy inherent in the atom were liberated there would be catas- 
trophic destruction. Tie difficulty is to liberate the energy. 

It has already been stated that the particles making up the 
nucleus of elements may be packed in different ways so that the 
total mass is not necessarily the sum of the masses of the constituent 
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protons and neutrons. It has also been stated (p. 3) that there is 
no law of conservation of mass, but a law of conservation of mass 
and energy taken together. If, then, the nucleus of an atom could be 
made up from its constituent parts, and its total mass were less than 
the sum of the masses of these parts, the difference would bo 
radiated as energy. It has not been possible to build up nuclei in 
this way, but it has been possible, by the methods outlined above, 
to change nuclei into others. In these eases it might well happen 
that the sum of the masses of the interacting particles was greater 
than the sum of the masses of the products, in whic h case energy 
would bo made available. 

f To take a simple example. The bombardment of lithium, with 
energetic protons gives rise to helium nuclei, the reaction being 

Li' +HJ -»2He* 

The mass of Li 7 is 7*01818, of H 1 1*00813, and of He 1 4*00380 
The total mass on the* left hand side is thus S-02031 units, and on the 
right 8*00778 units. Hence 0*01853 units of mass have disappeared 
and will be transformed into energ}'. 

If we deal in grams 0*01853 gin. of mass disappear for every 
8*00778 gm. of helium produced. To find out the energy corre- 
sponding to this loss of mass we use the Einstein energy relation 

E — we 2 

where E is the energy, m is the muss, and c is the velocity of light. 
Substituting 0*01853 gm. for w and 3 10* 0 cm. per set;, for c 

E = 0*01853 X 9 X 10 20 ergs 

= 0*10077 10 20 ergs = 4*03 x 10* kilowatt hours. 

Thus, a very considerable amount of energy is set free. It is, of 
course, attached to the helium atoms formed, which move away 
with this energy. This has been verified experimentally, and is a 
strong confirmation of the; truth of the Einstein relation. 

The question arises as to whether this energy is economically 
worth tapping, and, if so, how it can be utilised. In the case of a 
simple nuclear reaction like that quoted above, considerable energy 
has to be used to impart sufficient energy to the protons to enable* 
them to penetrate the lithium nucleus and interact with it. Even 
then, very few of the accelerated protons actually collide with 
lithium nuclei. There is thus a considerable waste of energy, and 
it would actually be unprofitable to utilise reactions similar to the 
above for the production of atomic energy. 

As has been mentioned, neutrons are more effective than other 
particles in bringing about nuclear reactions, and it might lx; 
expected that better results would lx; obtained in this case. The 
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trouble here is that neutrons are difficult to produce. They may be 
obtained by the action of a-rays from radium on beryllium, but 
radium is very expensive; they can also be produced by bombarding 
light elements with ion beams. In this case we have the same 
difficulty as before, namely, that few ions are effective in producing 
neutrons, and the process would use up more energy than it produced. 

The whole difficulty has been overcome by the discovery of a 
nuclear reaction in which neutrons are actually produced. These are 
able to transform neighbouring nuclei when more neutrons are 
emitted. Such a reaction is called a chain reaction. 

43b. Nuclear Fission. — In 1939 Hahn and Strassmann showed 
that when uranium was bombarded with neutrons the nucleus broke 
up into smaller fragments. Earlier work had given rise to the idea 
that neutron capture by uranium led to nuclei of greater atomic 
number, i.e., elements outside the usual periodic table, with atomic 
numbers 93 and 94. This is what happens in the usual case when 
the lighter elements' are bombarded with neutrons. In the case of 
uranium, however, it was shown that breakdown (or fission) of the 
nucleus occurs with formation of isotopes of barium and other 
elements, particularly strontium and yttrium. The uranium nucleus 
thus splits into two portions, and it has been shown that neutrons 
are emitted, the estimated number being 3 per fission. 

Uranium, as it occurs naturally, is a mixture of several isotopes. 
The products of neutron bombardment vary from one isotope to 
another, and also with the energy of the neutrons. It is the isotope 
of mass 235 which yields the best results. 

Nuclear fission has also been observed with thorium, and the 
transuranic elements neptunium and plutonium (§42). a-rays, 
deutorons, and a-particles will also give rise to fission though they 
are less effective than neutrons. 

43c. Utilisation of Atomic Energy. — Since neutrons are emitted 
in the fission of uranium there is the possibility of a chain reaction, 
and hence of the utilisation of the atomic energy liberated on an 
economic basis. For this purpose, it is necessary to ensure that the 
liberated electrons are not lost from the system before a reasonable 
number of them have interacted with further nuclei and have thus 
replaced themselves. Slow neutrons are more effective in the fission 
than rapid ones, and so it is necessary to slow down the secondary 
neutrons formed as a result of the initial bombardment. This is 
done by mixing graphite with the uranium. Also U 236 is the 
effective nucleus. If other isotopes are present these will capture 
neutrons and they will be lost. Hence pure IT 236 must be used. It 
is also necessary to use a sufficient mass of U 23K to prevent loss of 
neutrons. 



THE POSITIVE ELECTRON 


109 


These difficulties have been overcome and the utilisation of 
atomic energy in warfare is now an accomplished fact. There is no 
great difficulty in using the same fission process for ordinary 
industrial power, although at present the process is expensive* 

43d. The Positive Electron, or Positron.— ’Besides the neutron, 
another particle, the positive electron, has lx»en discovered. During 
the study of cosmic radiation by the cloud-cliambcr method, some 
of the part icies were found to bo deflected in an opposite direction 
from that suffered by the negative electrons, when a magnetic field 
was applied (Anderson, Science , 1932, 78, 238 ; Blaekett and 
Occhialini, Proc. Hoy . Soc., 1933, A, 139, 099). The particles must 
therefore bear a positive charge. They can also be produced by the 
bombardment of matter by hard y-rays, and by neutrons. The 
charge and the mass of the particle have been obtained from a study 
of the ionisation that it produces when passing through a gas. 
Anderson has shown that the difference in ionising powers of last 
positive and negative electrons is certainly less than 20 per cent. 
The mass of the positive electron has been deduced by Blaekett to 
be 1-04 +. 0*14, if the mass of the negative electron is taken os 1 . 

It is obvious, then, that we are hero dealing with a positive 
particle smaller than the proton, yet bearing the ohargfj of the 
proton. It has been customary to regard the proton as the elemen- 
tary positive charge, but it seems likely that this place is taken by 
the positive electron. 

The positive electron cannot exist for long far outside the nucleus, 
and it is extremely probable that its expulsion is accompanied by 
the simultaneous expulsion of a negative electron. 

43e. The Meson. — Another particle present in cosmic radiation 
is the meson, or heavy electron. It was discovered during experi- 
ments on the penetrating component of cosmic rays. It was calcu- 
lated that even very rapidly moving electrons would be quickly 
absorbed by lead, the range being at the most 1 cm. Actually, at sea- 
level a large number of penetrating particles in cosmic rays can 
traverse 100 cm. of lead before absorption. It has been shown by 
observation of the tracks of these particles when slowed down that 
they are many times heavier than the electron, though not as heavy 
as the proton. They can have either a positive or a negative charge, 
and arc called mesons (meaning particles of intermediate mass). 

It should be mentioned that the existence of the meson was pre- 
dicted by the Japanese scientist Yukawa in 1935, during a mathe- 
matical investigation of the theory of jS-decay. It was actually 
discovered by Anderson, two years later. 

43L The Neutrino.— Considerations of the angular momentum of 
the nucleus lead to the conclusion that if the laws of conservation of 
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energy and of momentum are to hold, the existence of a new particle, 
(•ailed the neutrino, must be postulated. It is very light, at least as 
light as the electron, and has rio charge. Fermi, indeed, ascribes 
to it a zero rest-mass. 

Experiments to detect the neutrino directly have so far failed. This 
is not surprising in view of its exceedingly small mass and lack of 
charge. It is claimed, however, that experiments on the recoil of 
atoms emitting /3-rays, indicate its existence (Allen, 1942). 

SUMMARY 

The Laws of Electrolysis, discovered by Faraday, led to the concep- 
tion of the atomic nature of electricity. This view was confirmed by u 
study of the conduction of electricity by gases. In a highly evacuated 
tube, and under a high potential, cathode rays may be produced, which 
consist of negatively charged particles for which the ratio of the charge 
to the mass lias been determined by sevoral methods. The cathode 
rays are made up of elementary negative charges of electricity, called 
electrons. Positivo rays are also formed in the discharge tube, being 
shot off from the anode. X-rays are produced when cathode rays strike 
any material object. They are much more penetrating than cathode 
rays, and consist of a wave-motion of very small wavelength. Certain 
heavy elements, callod radioactive elements, are found to disintegrate 
spontaneously, giving rise to one or more of three radiations, known 
as a-, /8- and y-rays. By the action of a magnetic field upon them, it 
has been shown that a-rays are positively charged (further work shows 
them to be helium nuclei), jS-rays are negatively charged (they are 
electrons), and y-rays are very short wavelength X-rays. 

The charge on the electron has been determined by a number of 
experiments, the best of which is Millikan’s oil-drop method (e — 4-774 
x 10” 10 e.s.u.). From this result Avogadro’s Numbor, the number of 
molecules in one gram-molecule of a substance, can be obtained (6062 > 
10). 28 The bombardment of matter by a- and /8-rays leads to the 
conclusion that the atom is composed of a nucleus of protons and 
neutrons (the proton being a particle bearing the unit of positive 
charge), but with a nett positive charge, this nucleus being surrounded 
by electrons sufficient in number to neutralise the positive charge on 
the nucleus. This is confirmed by a study of radioactive disintegrations, 
which also show that two or more elements may occupy the same 
position in the Periodic Table, and yet be different in physical properties 
and atomic weight. These are called isotopes. 

By studying the X-ray spectra of the elements, Moseley determined 
the number of extra-nuclear electrons in various atoms (the atomic 
number). Almost every element consists of a mixture of isotopes. By 
analysing the positive rays emitted by the elements, J. J. Thomson, 
Aston and Dempster have been able to determine the masses of the 
isotopes, and the proportions in which they occur in the various elements. 
The masses are not exactly whble numbers, owing to the “ packing- 
fraction,” A knowledge of the latter, together with the relative abun- 
dance of the isotopes in a given element, enables an estimate of the 
atomic weight of the element to be made, which agrees very well with 
the ohemical value. It is a matter of great difficulty to separate 
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.isotopes, but this lias been done partially for several elements, and 
completely in the cases of neon and hydrogen. The discovery of the 
hydrogen isotope in the residues from the fractionation of liquid 
hydrogen is of great importance, especially in stoichiometry. By 
firing a-particles, accelerated protons, hard y-rays, and other radiation 
of high energy content, into elements, it lias boon found possible to 
bring about a disintegration of the nucleus in many eases, with the 
consequent formation of a new element. When beryllium is bombarded 
with rapid a*partielcs from polonium, a very ponotrating radiation, 
consisting v >i particles of muss 1, and charge 0, is emit ted. These 
particles are called neutrons. The neutron is an important constituent 
of the atomic nucleus. When certain elements aro bombarded with 
hard y-rays nr by cosmic radiation, positive electrons are omitted. 
These aro particles of mass equal to that of tho electron, but bearing a 
positive charge, equal in quantity to that of the negative electron. 
Other elementary particles are the meson and the neutrino. 
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QUESTIONS 

(1) How does a knowledge of the Laws of Electrolysis lead to the 
conception of the discrete nature of electricity ? How has the charge 
on the electron been determined ? 

(2) What radiations are given oft from radium ? How is the nature 
of each radiation confirmed, and how does the radiation fix the nature 
of the element formed by the disintegration ? 

(3) How is it known that the electron is an elementary constituent 
of all matter ? 

(4) Describe the historical development of the nuclear theory of the 
atom. 

(5) What is an isotope ? What experiments have been made in an 
endeavour to separate isotopes ? 

(0) Write an essay on atomic transmutation. 

(7) What do you understand by the “ physical ” atomic weight of 
an element ? How may it be determined ? 

(8) What was Prout’s Hypothesis ? Discuss it from the point of 
view of our modem conception of the structure of the atom. 

(9) What is meant by a radioactive series ? .Explain what happens 
with regard to the structure of the atom when disintegration takes 
place. 
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ATOMIC STRUCTURE— PART II 

44. The Quantum Theory. — To understand the origin of the 
quantum theory it is necessary to consider briefly the nature of 
radiation, of which one form is visible light. Newton regarded 
light as being made up of corpuscles, but this view was incapable of 
explaining many of the properties of light, such as interference, 
diffraction, and refraction. To give a satisfactory explanation of 
these phenomena, the wave-theory of light was formulated by 
Huygens. This assumed that light was a wave-motion, and did not 
involve the transfer of any material particle from one place to 
another. The colour of the light was dependent upon the wave- 
length. Fig. 40 represents an instantaneous state of a light wave. 
Actually the wave is progressing all the time. The distance AB is 
the wavelength. 1 The theory was greatly developed by Clerk 
Maxwell, who propounded the electromagnetic theory of radiation, 
of which, however, no detailed account can be given here. 



Although the wave-theory of light explained many facts in a very 
satisfactory way, and appeared to be firmly entrenched at the end 
of the nineteenth century, there were some phenomena for which it 
could offer no explanation, and the most troublesome of these was 
the problem of black-body radiation . In order to understand this, 
it is necessary to know that radiation includes not only visible light, 
but also many radiations that are invisible, including ultra-violet 
light, Arrays, infra-red light, and wireless waves. Actually the 
range of wavelengths occupied by visible light is a very small 
fraction of the total range. All these radiations are supposed to be 
wave-motions, but the wavelengths are different. The infra-red 

1 The best definition of the term wavelength is the distance between two 
successive points of the wave with the same phase. 

1U 
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and wireless waves are of longer wavelength than that of ordinary 
visible light, whilst X-rays and ultra-violet light have smaller 
wavelengths. An idea of the range occupied by visible light is given 
in the following Table (XIV.). 


Table XIV. — The Wavelengths or Radiations 


Radiation. 

i 

Wavelength A. 

Wireless waves . 


10 u to 4 X 10 7 

Infra-red . 


3 X 10* to 7,230 

Visible 


7,230 to 3,970 

Ultra-violet 


3,970 to 500 

X-rays and y-rays 


10 to 0 03 


(I A = io-» cm.) 

The wavelength ranges of the various radiations are not strictly 
defined, those given in the Table being approximate only. 

Now, radiation is present in any space of which the temperature 
is greater than the absolute zero (— 273-2° C.), and if a vessel, 
closed all but for a very small hole, is taken, it will give off radiation 
through the opening, dependent upon the temperature. It was 
shown by Kirchoff that the radiation from such an enclosure is the 
same as that from a perfectly black surface, and it is known as 
black-body radiation. 

The analysis of a given radiation into wavelengths is termed its 
spectrum . For a given temperature of emission, black-body radia- 
tion will have a definite spectrum, and the radiation emitted of any 
specified wavelength will possess a certain amount of energy. The 
energy distribution throughout the spectrum is not constant, but 
rises to a maximum at a certain wavelength for each temperature. 
The problem of black-body radiation was to reconcile the energy 
distribution in the spectrum with the wave-theory, but this was 
found to be quite impossible. 

It was to overcome this difficulty, and others, that Max Planck 
boldly j tuposed the quantum theory, in a paper published in 1900. 
He shewed that the experimental observations on black-body 
radiation could be explained by supposing that energy may be 
emitted or absorbed by a vibrating body, not continuously, but 
only in multiples of a certain unit, called a quantum. Furthermore, 
t he size of the quantum of energy was proportional to the frequency 
of the radiation (velocity divided by wavelength), and was therefore 
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equal to hv t where v is the frequency, and h a universal constant, 
known as Planck’s constant, equal to 6-5f>4 x 10~ w erg-seconds. 

Let us see exactly what this means. Light is emitted by a 
vibrating body. Actually we know that it arises from the vibrating 
atom, or parts of the atom which are vibrating. The energy that 
is emitted in the form of radiation cannot be any amount of energy, 
but must be an integral number of quanta. The amount of energy 
in each quantum will be proportional to the frequency of the light, 
and, therefore, inversely proportional to the wavelength. The 
smaller the wavelength, the greater will bo the frequency, and the 
greater the energy associated with each quantum. The quantum 
of X-rays, which have a very small wavelength, will therefore bo 
greater than that of visible light. The size of the quantum for 
radiations of different wavelength is given in Table CXVI1. (Chapter 
XIX.). 

The conception of the quantum of energy has not quite the same 
significance as that of the elementary particle of electricity, the 
electron. The electron always has the same charge, no matter 
where or how it occurs, but the quantum varies in size with the type 
of radiation with which it is associated, bbing comparatively large 
for X-rays and the ultra-violet, and small for the infra-red and 
wireless waves. 

Since the quantum theory was proposed, numerous cases of the 
failure of the classical electromagnetic theory of Clerk Maxwell, 
which used the Newtonian mechanics, have been noted. The 
quantum theory has found its most useful application in the case of 
atomic structure. 

45. Spectra. — Before proceeding further with the problem of 
atomic structure, we must note the various types of spectra that 
may be obtained, as a study of spectra has yielded most important 
results in the elucidation of the nature of matter. 

When a body is heated from the absolute zero, it emits radiation. 
At low temperatures this is not visible. The body, if it were in a 
perfectly black space so that no radiation could get to it from the 
outside, would appear quite black. Nevertheless, it is giving off 
heat rays, which appear in the infra-red. As the temperature is 
raised, the solid begins to glow, and finally becomes incandescent, 
i.e. t it emits, amongst other radiation, visible light. If this light is 
examined by means of a spectrometer (for a description of which a 
text-book of Physics should be consulted), the spectrum is found to 
be continuous, i.e., it is impossible to say where one colour begins 
and the other ends. There is a continuous gradation throughout the 
spectrum, from the violet end to the red. All incandesoent solids 
show a continuous spectrum. The spectrum of the light from an 
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electric lamp, for example, is a continuous one, because the light is 
emitted from an incandescent metal — the filament. 

When the light emitted from incandescent gases and vapours is 
examined in the same way, it is found that the spectrum is now no 
longer continuous, but consists of sharply defined lines in different 
colour regions of the spectrum. This is called a line-spectrum, and 
is characteristic of atoms. The spectrum may also consist of bands 
extending over a certain range of wavelength, separated by black 
bands. This is a band-spectrum, and is characteristic of molecules. 
The bands often show a periodic variation in intensity, and thus 
appear fluted. 

The fact that when gaseous elements are raised to incandescence a 
line-spectrum is produced, has been known since about 1860, and 
has, of course, been applied in spectrum analysis to the characterisa- 
tion of elements and the discovery of new ones. When sodium 
chloride is heated on a platinum wire, a yellow light is emitted, 
which on examination with the spectrometer, is found to possess a 
very simple structure, being made up of two lines very close together, 
of wavelengths 5889*965 A, and 5895-923 A. These lines are not the 
spectrum of incandescent sodium chloride, but that of sodium 
vapour. The heat of the flame dissociates the salt into its elements, 
and each atom emits separately. The chlorine is also radiating, but 
its spectrum is not observed with the spectrometer, as it falls 
outside the visible region, in the ultra-violet. That the yellow lines 
are indeed due to the sodium atom is shown quite clearly by the 
fact that they are obtained when any sodium salt is heated as 
described. 

When the heat of a flame is not sufficient to break down the salt, 
an electric arc may be used. Thus, to obtain the spectrum of iron, 
tho electric arc is passed between two iron rods, and the spectrum is 
examined. Such a spectrum is called an arc-spectrum, but is not 
quite so simple as that obtained by the previous method, as besides 
the normal iron atoms, there are also iron ions, produced by the 
arc, which themselves have a characteristic spectrum. An ion is 
produced from a normal atom by the removal of one or more 
.electrons, thus leaving the atom positively charged. 

To obtain the spectrum of a substance which is a gas at ordinary 
temperatures, e,g ., oxygen, the gas is enclosed in a discharge tube, 
and the electric discharge passed through it. Here, again, the 
spectrum obtained is not the simple line spectrum due to the atoms 
of oxygen alone. The passage of the discharge produces oxygen 
ions, which radiate their own spectrum, and there will also be the 
band spectrum due to oxygen molecules. The lines belonging to 
any one species can, however, be picked out in the spectrum. 
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All the types of spectra so far described are caused by the emission 
of radiation, and are classed under the general heading of emission 
spectra. There is, however, another type of spectrum of great 
importance, known as the absorption spectrum. When white light 
is passed through a coloured solution, or vapour, and the spectrum 
is then studied, it is found that there are black bands in the other* 
wise continuous spectrum. The light of wavelength corresponding 
to the black bands has been absorbed by the substance through 
which the light has passed. The absorption spectrum is connected 
with the chemical constitution of the substance, and will be dealt 
with more fully in Chapter V. (p. 2G8). 

46. The Quantum Theory and the Structure ol the Atom. — Some 
two years after Rutherford had brought forward the nuclear theory 
of the atom, which we have already discussed (§ 29), Niels Bohr 
(1913) showed that this model of the atom was unstable, and could 
not exist. It will be remembered that, in the case of the Thomson 
model, the forerunner of the Rutherford nuclear atom, the electrons 
were supposed to bo placed in a sphere of uniform positive electrifi- 
cation, and were at rest. Now this model is quite sound from the 
point of view of mechanics. It can bo shown experimentally, that 
if one of the negative charges in this model is displaced from its 
position of rest, it will return to it again. The Rutherford atom, 
however, consists of a mass having a positive charge, w r ith electrons 
revolving round it in a sort of solar system. Rutherford assumed 
that the same forces which keep the earth in its orbit round the sun 
would serve to keep the electron in its orbit round the nucleus. 
This simple view of the atom is too indefinite when examined from 
the quantitative point of view. The electron is not simply a solid 
body. It has an electrical charge. Clerk Maxwell had shown some 
time previously that when an electric charge is accelerated, radiation 
is emitted. Whenever a body moves in an orbit, it is being acceler- 
ated towards the centre of the orbit. This acceleration is shown by 
the existence of the centrifugal force. The electron, then, is being 
continually accelerated towards the centre of the orbit, and must 
therefore be emitting radiation. Since, according to the theory, the 
motion is uniform, the spectrum should show no discontinuities, and * 
the spectrum of an incandescent atom should be continuous. It is 
actually discontinuous. The Rutherford theory, then, fails to 
explain the facts. 

Bohr propounded a theory which explains the phenomena very 
well indeed, and is based on Planck's conception of the quantum. 
There are two fundamental suppositions. They are : — 

(1) For each atom there is a series of orbits in which the electrons 
rotate, but no radiation is emitted. These are called stationary 
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states. It must not be thought that the electrons are stationary. 
They are not, but the effect is as if they were, for no radiation ia 
given out. A stationary state is characterised by the fact that the 

angular momentum of the electron is an integral multiple of 

27 7 

where h is Planck’s constant. This is an extension of the orginal 
conception of Planck in quantising the energy of a vibrator. 

In order that the student may make himself thoroughly familiar 
with this first assumption, we may use it to calculate the radii of the 
permitted orbits in the hydrogen atom. In the hydrogen atom, we 
have one electron and one proton. Let the charge on the electron 
be — e, and its velocity, v cm. per sec. If the orbit is supposed 
circular, and of radius r, the centrifugal force, F lt is given by 


This must be equal to the force of attraction between the proton 
and the electron, which is given by Coulomb’s inverse square law 


assuming that this Law is still true at atomic distances. 

mv 2 c 2 

Hence — = - 2> 

or e 2 = mv 2 r . . . . , 


According to Bohr’s assumption, the angular momentum of the 
electron is always some integral multiple of ~ . Hence 


From (2) 

Substituting in (1), 


nh 

mvr = 2* 

2 __ 

V 47r 2 m 2 r a# 

nVi 2 

6 47r 2 w?r* 

n 2 h 2 

r 47t 2 me 2 ’ 


Since every quantity on the right-hand side of this expression, with 
the exception of n, is fixed, it follows that the radii of the permitted 
orbits are proportional to the squares of the natural numbers. By 
substituting the accepted values of h (6*554 x 10~ 27 erg-seconds), 
m (8*98 x 10-*® gm), and e (4*774 x 10“ 10 e.s.u.), and making 
n * 1, 2, 3, etc., we obtain the radii of the orbits : — 

fj ** 0*53 x 10“ 8 cm., r t = 2*12 x 10~ 8 cm., etc. 

There are so many assumptions in this calculation that it probably 
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has no physical significance, but it is merely given to illustrate the 
meaning of the first Bohr postulate. 

(2) The second assumption is that when an electron passes from 
one orbit, of energy E v to another of energy E t , monochromatic 
radiation ( i.e. t radiation of one wavelength only) of frequency v la 
emitted or absorbed, equal in amount to hv. Thus, when an electron 
rotating in one of the stationary states suddenly jumps to another, 
of less energy, the difference in the energy is given out in the form 
of monochromatic radiation. The reverse process takes place when 
energy is absorbed. The absorption of radiation results in the 
transfer of an electron from a level of low to one of higher energy 
content. The mathematical expression of this assumption is 

E^ — J?2 ” 

It must be remembered that these two assumptions are separate 
and distinct. The first has to deal with the energy of the rotating 
electron, the second with the energy difference between two states. 

The term energy level is frequently used to denote a stationary 
state, and the energy content is defined by a quantum number . The 
level of quantum number 1 has least energy. 

To clarify our ideas on the emission and absorption of energy by 
an atom, consider what happens to, say, hydrogen atoms when they 
are submitted to the electric discharge. They first of all absorb 
energy from the discharge, and this moves the electrons from an 
inner energy level, of low energy, to outer ones of higher energy. 
The electrons then return to the form containing lowest energy (for, 
of all systems, that which possesses the least energy is the most 
stable) by jumps, passing through each of the intermediate energy 
levels, or perhaps by only one jump. Each transition is accom- 
panied by a liberation of energy in the form of radiation, and as each 
emission is monochromatic, lines in the spectrum will result. This 
explains the line spectrum of the atoms. 

47. The Spectrum of Hydrogen. — It is now necessary to study a 
subject which in itself is purely physical, and which at first sight 
would seem to be of no interest at all to the physical chemist. Yet a 
study of the spectrum of hydrogen has yielded results of extra- 
ordinary importance in connection with the structure of the atom. 

As far back as 1885, Balmer noticed that the wavelengths of 
certain lines in the hydrogen spectrum were related to each other 
in a simple manner, and could be expressed by a general formula. 
In this connection we shall deal not with the wavelength, but with 
Us reciprocal, which is called the wave-number . It is the number of 
vibrations per cm., and may be denoted by v r y 9 is often loosely 
called a frequency. 
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Balmer’s formula, which gives the frequencies of some of the 
hydrogen lines may be expressed in the form 

109678-8 

where m can have any integral value greater than 2. As m 
approaches oo, the lines will get closer and closer, and approach 
a limit known as the convergence, frequency. This frequency is 
109f>78'8 

obviously — - — , i.e. y 27419*7. The following Table shows how 
closely the observed and calculated wave-numbers agree. 

Table XV. — Balmer’s Series 
v._ 109678-8(1-1) 


I 

m. I 


3 

4 

5 

6 

7 

8 

20 * 
oo 


i> 0 calc. 


15233-2 

20564-8 

23032-5 

24373-0 

25181-4 

25706-0 

27145-5 

27419-7 


r, obs. 


15233-2 

20564-8 

23032-5 

24373-1 

25181-3 

25706-0 

27145-2 


Other series in the spectrum of hydrogen have since been dis- 
covered which are govornod by exactly similar formulae. Thus. 
Lyman found that a certain series in the hydrogen spectrum could 
be expressed by the equation 

v 0 = 109678-8 

This series of lines is in the far ultra-violet. A similar series in the 
infra-red, for which the formula was discovered by Paschen, is 
governed by 

,„ = 109678-8 (p-J,). 

Another series was discovered by Brackett, and is governed by 
v, = 109678-8 

Ah these series are called after the names of their discoverers, the 
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B&lmer, Lyman, Paschen and Brackett series. Actually there is 
one formula which will express them all, viz., 

109678*8 109678*8 

n a ~ '* 

In the Lyman series, n = 1, and m = 2, 3, 4, etc. 

In the Balmer series, n = 2, and m = 3, 4, 6, etc. 

In the Paschen series, n = 3, and m = 4, 5, 6, etc. 

In the Brackett series, n =» 4, and m = 5, 6, 7, etc. 

The two sections of the above equation are called terms . Thus 
109678*8/n a is one term, whilst 109678*8/m a is the other. It has 
been found that all spectra, not only of hydrogen, but of all elements, 
can be expressed as a difference of two terms similar in form to the 
above. 

It is evident from this formula, that if we write down the values 
of the first term when n = 1, 2, 3, 4, etc., then, if we subtract the 
second, third, fourth, etc., terms from tho first, we get the Lyman 
series ; if we subtract the third, fourth, fifth, etc., from the second, 
we get the Balmer series ; if we subtract the fourth, fifth, sixth, etc., 
from the third, we get the Paschen series ; .and if we subtract the 
fifth, sixth, seventh, etc., from the fourth, we get the Brackett 
series. This is shown in the following Table (XVI.). 


Table XVI.— Hydrogen Series 


! 

Term. 

Lyman. 

Balmer. 

| Paschen. 

Brackett. 



n -* 1 

n - 2 

f 

n 8 

n — 4 



to — 2, 8. 4 . . . 

to - 8, 4, 5 . . . 

m — 4. 5, ft . . . 


1 

109678*8 

! 




2 

27419*7 

82259*1 




3 

12186*5 

97492*3 

15233*2 



4 

6854*9 

102823*9 

20564*8 

5331*6 


5 

4387*2 

105291*6 

23032*5 

7799*3 

2467-7 

6 

3046*7 

106632*1 

24373*0 

9139*8 

3808*2 

7 

2238*3 

107440*5 

25181*4 

9948*2 

4816*6 

8 ' 

1713*7 

107965*1 

25706*0 

10472*8 

51412 

CO 

0 

i 109678*8 

27419*7 

12186*5 

6854*9 


The fact that so many spectral lines, which at first sight seem to 
be totally unrelated, can be reduced to order in this simple way, is a 
remarkable fact ; and when we consider that this has now been 
done for the spectra of almost all elements, though not with the 
same completeness as for hydrogen, it is teen what a wealth of 
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information we possess in connection with spectra. It is to be 
expected that such a simple relationship between the spectral lines 
must have some relatively straightforward explanation. It has, 
and it will be shown later how this explanation is bound up with the 
structure of the atom. 

The mathematical expression for the series of the spectral lines of 
elements is not always quite so simple as that for hydrogen, though 
it is usually not much more complex. A formula such as Rydberg’s 

j R 

V °- A (m + 

will frequently cover the series where the simple Balmer expression 
fails, or, if this is unsuitable, the slightly more complex equation of 
Hicks may be used. 

R 

V Q A — —y 

( W + '‘ + m) 

It should be noticed that both these formulae consist of two terms 
as before, the first, A, being constant for the series. Ii is a universal 
constant, called Rydberg’s constant, and is equal to 109,737, being 
almost exactly equal to the first term of the hydrogen series, /i and 8 
are small arbitrary constants, whilst m can have any integral value. 

48. The General Nature of Spectra. — As a rule, the arc or spark 
spectrum of an element contains four sets of lines which are distin- 
guished by their nature. They are called the Sharp, Principal, 
Diffuse and Fundamental series. The Sharp series is made up of 
clear-cut thin lines. The Principal series is usually the brightest. 
The Diffuse series is made up of diffuse lines, t.e., lines without very 
definite edges. The Fundamental series is rather badly named, as 
it is not by any means fundamental. 1 Sometimes the Diffuse is 
called the First Subordinate series, and the Sharp the Second 
Subordinate series, though the names first given are more usually 
used. 

These series are simply related to each other, and are usually 
referred to by the initial letter of the name, i.e., the S y P, D and F 
spectra. 

They are also expressed by formula? similar to the Rydberg 
formula. The Table below gives the Sharp and Principal series of 
lithium. 

It is to be noted that the convergence frequency of the Sharp 
series (obtained by putting m equal to infinity), is almost equal to 
the first term of the Principal sequence, 2 and that similarly the first 

1 This aeries is also sometimes known as the Bergmann series. 

* The word “ series " is used when referring to observed lines, and 
" sequence ” when referring to terms. 



SPECTRAL SERIES 121 

Tables XVII. — Sharp and Principal Series of Lithium 


lyhurji Senett 
v- 28 ,(in - 

- 28,011 - m.s 

- \P - tnS 


ftlnclpal Series 


4'. - 43,477 - j 


100.787 


(m + O-ttSP 
- 43,477 - mP 
~ IS - mP 


m 


v calc 

I 

v obs 

; 

mP 

»- calc. 

rob** 


48.407 

_ 

; 

i 

1 

28,594 

14,883 

14,004 

<2 

1 (>,350 

12,252 

12,302 

2 

12,533 

30,044 

30,020 

3 

8,5] 5 

20,000 

20,107 

3 

7,001 

36,476 

36,408 

4 

5,200 

23,402 

23,305 

4 

4,462 

30,015 

39,013 

5 

3,512 

25,000 

25,082 

5 

3,001 

40,386 

40,387 

(\ 

2,027 | 

20,084 

20,047 

0 

2,266 

41,211 

41,213 

o 

.. i 

: 28,611 

i 


00 


43,477 

— 


term of t lie Sharp .sequence is almost equal to the convergence 
frequency of the Principal series. There are numerous relationships 
of this kind which have all received satisfactory explanation on the 
quantum model of the atom. If we call the successive terms of the 
Principal sequence 1 P, 2 P, 3P, 4 P . . . mP , of the Diffuse sequence 
1/), 2D, 3/), 4 D, . . . ?nD , and similarly for the other sequences, 
these relationships can he summed up in the equations : — 


Sharp Series 
Principal Series 
Diffuse Series 
Fundamental Series 


v 0 = IP — mS 
v Q = IS — mP 
— IjP — mD 
vn ~ \D — mF. 


It will be seen that these relationships express what has been 
already discovered with regard to the convergence frequencies of 
the Sharp and Principal series, and they also show that the con- 
vergence frequency of the Fundamental series is the first term of the 
Diffuse sequence. 

Many of the lines in a spectrum can be explained in this way, but 
there are some which are still unaccounted for. These are combina- 
tion lines formed from terms from different sequences. It is not 
possible for lines to exist derived from any combination of terms at 
choice. There is an important selection principle which forbida 
certain combinations. If the terms are arranged in the order S , P 9 
D, F t then the combination lines must always be due to terms taken 
from two adjacent sequences. Lines of the nature 3-D -mF could 
exist, but not lines derived from 2 P — mF. 

49. Multiplets in the Spectrum.— If the lines of a spectrum are 
very carefully examined with a spectroscope which gives high 
resolution, it is found that the lines are not single, but are made up 
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of a number of lines very close together. Sometimes there are only 
two. These are called doublets. If there are three they are called 
triplets ; and in general they are called multiplets. 

If the wave-numbers of the first few members of the Sharp series 
of sodium are written down, it is found that they consist of doublets 
with a constant separation between each. 

Table XVIII. — Sodium Doublets in the Sharp Series 


m 

*1 

** 


3 

16,231 

16,248 

17 

4 

10,404 

19,421 

17 

6 

21,043 

21,060 

17 

6 

21,997 

22,013 

16 


Table XIX. — Rubidium Doublets in the Diffuse Series 


■*1 

'I 


12,887 

13,121 

234 

16,872 

16,107 

236 

17,463 

17,699 

236 

18,405 

18,641 

236 


Similarly, the Principal series of sodium is made up of doublets, 
but here the separation is not constant, but diminishes as we pass 
towards the ultra-violet, both series having the same convergence 
limit. 

'2he explanation of this lies in the fact that there are two sets of 
P terms, but only one of 8 terms, so that if the two P terms are 
represented by P x and P v the Sharp series will be given by 

= IP X — m3 
v % = IP 2 — mS 

The separation is thus constant and equal to IP X — 1 P^ 

For the Principal series, however, 

*=* 18 — mP x 
v t = 18 — mP r 

Here the difference involves m, and so varies, until, when m is equal 
to infinity, the convergence limit is 18. The same type of relation- 
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ship holds for the Diffuse and Fundamental senes, but it is always 
found that there is only one set of 8 terms, whilst the P, D and F 
terms may be complex, and give rise to multiplets. 

BO. The Theory of the Hydrogen Spectrum. — Bohr's assumptions 
as regards the structure of the atom have already been noted (§ 46). 
These may now be studied a little more olosely. 

The firpt assumption of Bohr was that the angular momentum of 


the electron was always an integral multiple of — . 

Zft 


Assuming that 


the electron travels in a circular orbit, and that its mass is m, its 
velocity v t and the radius of the orbit r, then its angular momentum 
is mvr 9 and the above assumption can be expressed in the form 


nh 

mvr — *- 
2n 


<D 


where n is any integer. 

If Z is the atomic number of the element, and the charge on the 

g 

nucleus is Ze, the potential energy of the electron will be — 


-Ze* 


The negative sign is prefixed because work is done on the 


system when the electron is removed from the nucleus to an infinite 
distance. 

The kinetic energy of the electron is \mv *. Assuming that the 
law of force between the nucleus and the electron is the inverse 
square law, and that the proportionality factor is unity, then the 

Ze % 

force between the nucleus and the electron will be 

r 1 

The acceleration of the electron towards the centre of the orbit 
is t? 2 /r, and the force on it is therefore mv*\r. 


Hence 



( 2 ) 


and the kinetic energy 


%rnv* 


Ze* 

2 r a # 


(8) 


The total energy of the atom is the sum of the potential and kinetic 
energies, and is therefore 

Ze* , Ze * Ze* . . 


From (1) 


tynv — 


nh 

Orr 
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Dividing into (3) 


Ze* . 2n 


The total energy is therefore 

A'- M „ 2n'Z*me* 
A. = - tmv hW~~ 


or E m am — E m 


2w*Z*mf* 


where is the work which must be done on the system to remove 
the electron to infinity, and is therefore a measure of the stability of 
the system. The larger is E t the more stable will the system be. 
For large values, n must be as small as possible ; hence the most 
stable orbit is that in which n is unity. 

We can now apply the second postulate of Bohr, viz., that when 
an electron jumps from one orbit to another energy is given out as a 
quantum of radiation. If it jumps from an outer (?t 2 ) to an inner 
(n t ) orbit, energy is given out in the form of monochromatic radia- 
tion of which the frequency is given by 

hv = E nt -E m . 

This amount of energy must be the difference in the energy associated 
with the orbits and worked out as above. Hence 
, 2rr 2 Z 2 me 4 /I 1 \ 

hv = — W~^) (5) 

Now, vis a frequency. It is easily seen that to bring this to wave- 

p 

numbers, which are given by the equation v 0 «* -, where c is the 

c 

velocity of light, we must divide the frequency by the velocity of 
light, c. If vo now represents wave-number, 

27r 2 Z 2 me i / 1 1 \ 

' 0 =— zn-fo-zp) ( 6 ) 


This expression is identical in form with the Balraer formula, and 


when the value of the constant 


2t r *ZW . 


is worked out, it is found 


to agree with the Rydberg constant. 

Thus, substituting the value for e = 4*774 x 10~ 10 e.s.u„ k * 
6*564 X 10~ 2? c.g.s.u., c=3 X I0 10 cm. per sec,, and m = 8*97 x I0“* ? 
gm., we have, for hydrogen, 2=1, 

2n*Zhne* 2ir* x 8-97 x 10-* 7 x (4*774 X 10- 10 )« 
c* 5 " 3“x l0 10 x (6*554 X 10-* 7 ) 1 

- 109,486, 

which agrees quite well with the Rydberg constant determined 
experimentally, 109,678. 

It is known that in the Lyman series, n 1 -» I. Referring to the 



THEORY OF THE HYDROGEN SPECTRUM 125 

mode of derivation of equation (6) it is clear chat this means that 
the lines of this series are due to transitions ending at the first orbit, 
the level of least energy. Thus, the Lyman series will be emitted 
when, energy having been imparted to the hydrogen atoms by the 
electric discharge, or some other means, they revert from the higher 
energy levels to which they have been raised to the first, or lowest 
energy level. The Balmer series has n, =* 2, so the lines are due to 
electrons falling back to the second energy level. In the Paschen 
series n, = 3, and in the Brackett series a, « 4, so that here the 
electrons are returning from some outer orbit to which they have 
been removed by the excitation, to the third and fourth energy 
levels, respectively. 

This remarkably simple and accurate formulation of the hydrogen 
spectrum points to the accuracy of the postulates upon which it is 
based, viz., Bohr's quantum model. 

It is seen that the term numbers are really measures of energy. 
They represent the energy which would be required to remove an 
electron from the orbit which they represent to infinity (n 2 »oo). 
The greatest terra number is that obtained when n^l, and is 
therefore called the “ ground ” term. The electron can be removed 
to infinity, i.e. f the gas can be ionised, by several means, but particu- 
larly by subjecting the gas to bombardment by electrons. In an 
ideal case, supposing the loss of no energy whatever, the energy 
associated with the bombarding electron, which is just capable of 
knocking the electron from the ground state to infinity, must be the 
energy of that electron which is removed. Hence, if we can measure 
the energy of the electrons which will just ionise the gas, we have 
another measure of the energy of the electron in the atom. The 
energy associated with a bombarding electron is always measured 
by the potential which is used to accelerate it. The energy of the 
electron depends upon its velocity, being given, in fact, by the 
product of the charge and the accelerating potential through which 
it has passed. As the charge of the electron is always the same, it 
is sufficient to specify the accelerating potential which is given to 
the electron when it is desired to denote its energy. The ionisation 
potential of hydrogen is the potential through which a bombarding 
electron has to be accelerated in order to remove an electron from 
the atom to infinity. What this value should be for the ground 
term of hydrogen is readily obtained as follows. Let V be the 
ionisation potential, v 0 the wave-number of the ground term, e the 
velocity of light, h Planck’s constant, and e the charge on the 
electron. The energy associated with the term is hv or thv+ The 
energy is potential x charge, hence the ionisation potential is 
given by 
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_ energy = ehv 0 
charge ^ e 




This must be multiplied by 10~ 8 to bring the absolute units to volts, 
and by c to convert into electromagnetic units. So we have 

F = v 0 ^x 


e ' ~ ‘ 8^00“ 

For hydrogen, y Q *= 109,678, and substituting the other figures, we 
have 

„ 109,678 

Y ” 8,100 ’ 

which gives 

F «=» 13*54 volts. 

The ionisation potential of hydrogen is therefore 13*54 volts, for 



Fra. 41. — Stationary States in the Hydrogen Atom assuming circular 

orbits. 

(The radii of the orbits are proportional to 1, 4, 9, 16 . . .) 

removal of the electron from the ground term. Corresponding 
ionisation potentials are known for removal of ions from the other 
levels. In all cases the observed values agree well with those 
calculated. 

The diagram (Fig. 41) shows the stationary states of the hydrogen 
atom, assuming that the orbits are circular. Another way of 
representing the facts is by means of the energy diagram given in 
Fig. 42. 

51. General Theory of Spectra.— Hydrogen, the atom of whioh 
consists of one proton and a single electron, is the simplest instance 
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to consider. When the other elements, which oontain larger 
numbers of electrons, are dealt with, the difficulties are considerably 
increased. With hydrogen, it is only a question of the removal of 
one electron into any desired stationary state, but with other atoms 
some of the innermost levels may be permanently filled with 
electrons. What happens in this case ? If an electron is expelled 
from the innermost level altogether, its place is immediately oocupied 
by an electron from one of the higher levels, and this goes on through 
successive levels, until the loss is really felt only in the outer level. 
If the electron is only removed to a level one or two higher in 
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Fro. 42. — Energy Diagram for Hydrogen. . 

The arrows represent transitions from the various orbits. 


quantum number, then an electron from that level immediately falls 
back into the place previously occupied. 

The amount of energy associated with the innermost levels is so 
great that when an electron is expelled from these levels the 
frequency of the radiation emitted is very great, Thus E = hv, is 
large, and therefore v, the frequency of the emitted radiation, is 
great, and such a transition gives rise to -X-rays which are similar to 
ordinary light, but have extraordinarily small wavelengths, and 
corres pondingly great frequencies. The study of these -X-ray 
spectra of the elements has given us a great deal of information 
about the structure of the atom. Indeed, it was by the aid of these 
spectra Moseley fixed the atomic numbers of the elements (§ 34). 
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The X-rays obtained from elements are grouped in wavelengths 
in certain groups which have been called the X, L, 31, N , etc., 
groups. These groups are known to be due to transitions which end 
at the quantum levels 1, 2, 3, 4, etc., respectively. It is for this 
reason that the quantum levels themselves are frequently called the 
X, L , M, N , etc., levels. 

From a study of the X-ray spectra the number of electrons 
present in each level can be roughly derived. All atoms will give a 
X radiation, only those heavier than sodium give the L radiation, 
and so on. 

52. Quantum Numbers. — By the term quantum number we 
mean the integer which specifies the orbit as regards the energy of 

its electrons. Thus, the orbit 
with quantum number * 1 is 
the first ; that of quantum 
number 3 is the third ; and 
an electron in passing from 
the level of quantum number 
1 to that of quantum number 
3 must gain energy corre- 
sponding to the difference in 
energy between the two 
levels. 

But the question is not 
quite so simple as this. It is 
known that in the majority of cases the orbits are not circular, but 
are elliptical (to a close approximation), with the nucleus at one 
focus. 

Sommerfeld pointed out also, that if the orbit is elliptical, the 
electron must approach nearer the nucleus at some part of its 
travel than at others, and will therefore move quicker at the place 
of nearer approach. This must cause its mass to increase, for on 
the principle of relativity, the mass of an electron depends on its 
speed, and becomes infinite when the speed is that of light. This 
means that instead of keeping to the ellipse, the electron moves a 
little farther round th6 nucleus each time, and so the ellipse itself 
will be rotating all the time. A similar effect is noticed with the 
planet Mercury, though here the movement of the orbit is very 

3low. 

The motion of the electron thus consists of two motions super- 
imposed on each other. The one is the elliptical motion of the 
electron, and the other the rotation of the ellipse itself about the 
nucleus. We must apply the quantum theory to both motions. If 
we quantise the actual orbit, wo must also quantise its rotation. 


Fig. 43.— Ellipse showing axes, focus and 
latus rectum. 

Major axis =* CD ; minor axis » EF. 
Focus » S ; latua rectum *=* AB. 
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As a result of this quantisation, the electrons will be able to travel 
only in orbits of definite eccentricity. There are thus two quantum 
numbers required to specify an orbit, one of these is given the 
symbol n, and is called the principal quantum number, the other is k 9 
and is called the subsidiary or azimuthal quantum number. It 
can be shown that the principal quantum number n determines 
the major axis of the ellipse, so that all the orbits for the same » 
have the same major axis. The second quantum number, A*, is con- 
nected with n by the relationship 

length of major axis __ n 2 
length of latus rectum ~ k v 
It is also true to say that 

length of major axis __n 
length of minor axis ~~ k ’ 

Thus, if n is 4 and k is 1, the orbit will be an ellipse for which the 



ratio of the major to the minor axis is 4. It is clear that whilst k 
can have any integral value up to n , it cannot exceed n. When k 
becomes equal to n, the orbit is circular. For orbits of principal 
quantum number 4, there are four elliptical orbits (including the 
circle as a limiting case). They are the 4 2 level, in which the ratio 
of the major to the minor axis is 4 ; the 4j level, in which this ratio 
is 2, the major axis having the same length as in the 4 X orbit ; the 4, 
level, in which the ratio is 4 to 3 ; and the 4 4 level— -a circle. These 
orbits are shown in Fig. 44. 

The possible electronic orbits for hydrogen, up to the principal 
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quantum number 4, are shown in Fig. 45. In the ordinary condi- 
tion the electron would be in the l x orbit, but if the atom is excited, 
».e., if it has taken up energy and the electron has been displaced to 
some outer orbit, it may be in the orbit of quantum number 2, 3 or 4, 
or even higher. 

What information concerning these two quantum numbers, the 
principal and the azimuthal, can be derived from spectra ? We may 
consider for this purpose the spectra of the alkali metals lithium, 
sodium and potassium. Since both these atoms are regarded as 
having one electron in some distinct orbit, imparting to them the 
property of univalency (§ 59), we have transitions which affect only 
one electron (as regards optical spectra), and the spectra may 



Fio. 45. — Electronic Orbits in the excited Hydrogen Atom, 
(Adapted from H. S. Taylor, “ A Treatise on Physical Chemistry” 

Fig. 11, p. 1093, by permission of Messrs. Macmillan & Co. Ltd.) 

therefore be compared with the hydrogen spectrum. But, in the 
case of the alkali metals, there is an inner ring of electrons. If the 
orbit of the outer electron is quite distinct from the others, the atom 
may be expected to give a spectrum like that of hydrogen, but if the 
orbit of the outer electron interpenetrates the inner orbits, the 
electron may be considerably deviated from its path by the effect 
of the nucleus, and so the magnitude of the term which corresponds 
to its energy level will be quite different from that of hydrogen. 

Now the hydrogen terms are given, as we have seen (§ 50), by the 
expression 

B 

v a = -Ti. 

w 

Hence the quantum number for an alkali metal should be given by 

mm v'-Rv,. 
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This is called the effective quantum number, and can be calculated 
from the known values of R and v 0 , obtained from the spectra of the 
atoms. The values of the effective quantum numbers for the levels 
giving rise to the S 9 P 9 D and F spectra are given in the Table, 
together with the values of the actual quantum number. 


Tabljb XX. — Effective Quantum Numbers of First Terms 


Element. 

Spectrum. 


! » 

f 

Lithium . 

s 

1-59 

o 

1 


p 

1-96 

2 

2 


D 

300 

3 

3 


F 

4*00 

4 

4 

Sodium . 

S 

1*G3 

3 

i 


P 

212 

3 

2 


D 

2-99 

3 

3 


F 

400 

4 

4 

Potassium • 

S 

1-77 

4 

1 


P 

2-23 

4 

2 


D 

2-85 

3 j 

3 


F 

3-99 

4 I 

4 


In the case of the D and F spectra there is practically no difference 
in the values of the numbers. We argue from this that here there 
is no appreciable perturbing effect due to the nucleus, and hence the 
orbits do not approach the nucleus. But when we consider the 
P and 8 terms we find that the numbers differ considerably, and so 
these orbits are not closely related to the orbits in the hydrogen 
atom. They must have marked eccentricity. The 8 levels are 
therefore supposed to be the most eccentric, and they are given the 
azimuthal quantum number 1. It has been shown that the values 
of k associated with the orbits giving rise to the S 9 P 9 D 9 F levels 
are 1, 2 and 4 respectively. We thus have an explanation of the 
differences shown in the various spectral series S t P t D, F (§ 48). 

If only one electron is concerned in the production of the spectral 
lines of an element, the above method gives valuable information 
concerning its orbit. It has already been seen that the largest 
n um erical term corresponds to the normal state of the atom (§ 60). 
If it is possible to find the sequence to which the largest term of the 
spectrum of an atom belongs, it is clear that this will give the 
eccentricity of the orbit of the electron which has been last added 
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(the “ optical ” electron) in making up the element, and which will 
be the one removed on ionisation. Thus, in forming an element 
from the one preceding it in the Periodic Table, one electron must 
be added (and, of course, a corresponding change in the nucleus 
must occur, but we are not concerned with that at present^ . This 
electron will be the one which will split off again wheii the atom is 
ionised, and it will be removed to infinity. The term corresponding 
to this is the largest numerical term. If this is a P term, then the 
“ optical ” electron must bo in an orbit for which 4 = 2. If it is an 
8 term, the value of k is 1. 

Thus, the largest term for sodium is of the 8 type, as is also that 
of magnesium, so that the last electron to be added in the making of 
these atoms from the previous atom in the Periodic Table must go 
in the 3 X orbit. With aluminium, however, the largest term is a P 
term, so that the added electron goes in the 3 2 orbit. Potassium 
and calcium give normal terms of the 8 type. The added electron 
is in the 4 X orbit. Scandium is the first element in which the 
largest term is of the D type, so that the azimuthal quantum number 
for the last electron to be added in making this atom is 3. If w T e 
write out the structure of the elements we have considered above, 
putting down the number of electrons in each orbit, we have : — 

Table XXI 

Energy levels , n b 1 2 2 1 2 S 3 X 3 a 3, 4j 



Ca 22626—2 

Sc 2 2 6 2 6 M 2 

The way in which the n levels are decided will be clear after 
reading the next section. 

This principle is of the greatest use in deciding the orbits of 
electrons in the atom, but it is not, however, universally applicable. 
It has been derived on the assumption that only one electron is 
involved in the production of the lines, whereas with the heavier 
elements there is no doubt that this is no longer true. 

53« Arrangement of Electrons in Orbits. — The question must first 
be settled as to how many electrons can form one level, and then 
how these levels are related to each other. 

In answer to the first point we may say that the number of 
electrons which can complete an energy level is not the same for all 
the levels. It is known that the size of a stable group of electrons 
is of the form 2 w 2 , and may thus contain 2, 8, 18 or 32 electrons 
according as n is 1, 2, 3 or 4. Thu successive periods in the Periodic 
Table are due to this fao* 
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Let us consider the general properties of the elements in the 
arrangement of the Periodic Table. We have first the elements 
hydrogen and helium. The first has one, the second two, electrons, 
so that in helium we have the first stable grouping completed. 
Next follow the eight elements from lithium to fluorine, after which 
is the inert -gas neon. It may be inferred, that in these elements 
the next stable grouping is gradually filling up. The second shorir 
series from sodium to chlorine has a very similar gradation of 
properties to the first short series, and we therefore have no reason 
to believe that the addition of electrons to the stable configuration 
of the inert gases as we proceed along the series takes place in any 
different way in these two series. Next comes argon, which is 
followed by a series of eighteen elements up to krypton. Starting 
with potassium and calcium, the first part of the series shows a 
similar gradation of properties as is found in the short periods 
already mentioned, although the resemblance between these 
elements and those of the preceding short series begins to fall off 
with scandium and titanium. Thus there is far less resemblance 
between, say, sulphur and chromium, than between magnesium and 
calcium. Moreover, when we get to the eighth place, where an 
inert gas might be expected to make its appearance, we find its place 
occupied with three closely related elements — iron, nickel and 
cobalt. Then follow the elements from copper to krypton, which 
show, in general, a similar gradation of properties to those already 
noted in the short periods. 

The same behaviour is found in the next period, which again 
consists of eighteen elements, and contains a triad, which takes the 
place of an inert gas. 

The next period is a very long one, containing thirty-two elements, 
amongst them the rare earths, which have been a problem as 
regards the Periodic System. We have here fourteen elements 
(from cerium to lutecium), all very closely related, and all tervalent. 
The elements following them, viz., hafnium to platinum, are very 
similar to the middle elements of the previous long groups. These 
are followed by a short period of eight, like the first two short periods, 
and then by a few elements which do not make up a group. 

Consideration pf these points enables us to see how the electrons 
are arranged in levels in these elements without, however, allowing 
us to state exactly the n and k numbers of the orbits. 

It is clear that in the first two short periods the addition of electrons 
takes place in similar ways, as has already been pointed out. We 
must assume that the first quantum group is filled in helium, that 
in lithium one electron is added in the second quantum group, and 
that the addition of electrons to this group takes place progressively 
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as we go through the successive elements in the Periodic Table until 
we get to neon, the next inert gas, in which this group has become 
complete. * Now electrons are added progressively to the third 
quantum group until it becomes complete in argon, and the atoms 
in the first short group exhibit a gradation of properties similar to 
those in the second short period because the electrons are added 
similarly, but form an orbit with a quantum number 3 instead of 2. 

Coming to the first long series, the first element is potassium, 
which has one electron more than the stable arrangement found in 
argon. This electron is in the 4 X orbit. Similarly, calcium has one 
more than potassium, and this is also in the 4-quantum orbit. With 
scandium, however, the additional electron goes into the 3-quantum 
orbit, leaving still two electrons in the 4-quantum orbit. The 



id» (O 


Fia. 46. — The atomic models (simplified) of (a) hydrogen, ( b ) fluorine, 

(c) noon , ( d ) sodium, (c) magnesium. The second quantum 
group is completed in neon; in sodium and magnesium the 
additional electrons have entered the third group. 

number of electrons in the latter orbit now remains constant until 
we get to chromium, the 3-quantum orbit filling up in the meantime. 
With chromium, one of the 4-quantum electrons is pulled into the 
3-quantum orbit. But after this, the 3-quantum orbit fills up to 18. 
This explains the fact, previously noted, that with scandium a new 
type of element is being made, for the properties of the elements 
from scandium to nickel differ from those in the preceding short 
series much more than would be expected if their formation pro- 
ceeded on normal lines. These elements, from scandium to nickel, 
in whioh the third quantum group is filling up, are called the transi- 
tion elements. The filling up of this group accounts in a very 
satisfactory manner for the existence of the long period, and of ten 
elements in the first row of it. The structure of the inert gas 
krypton is then (2, 8, 18, 8). Notice that the group of eighteen 
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electrons does not occupy the outermost position. In every case, the 
inert gas structure finishes with a complete ring of eight electrons. 

The second long period is built up in a similar way, bo that xenon 
is not (2, 8, 8, 18, 18), but (2, 8, 18, 18, 8). In the next period we 
have a large group containing thirty-two electrons in the middle, the 
gas radon being (2, 8, 18, 32, 18, 8). 

In this period, the first element, caesium, has one electron in the 
6 a orbit, followed by barium with two in that orbit. Next we have 
lanthanum, which starts a set of transition elements, the 5 3 orbits 
filling up ; but with the next element, cerium, the 4-quantum 
group not yet complete, claims the newly added electron. This 
begins the series of rare-earth elements, fourteen in number. For 
the thirteen elements after cerium, the added electrons go into the 
4 4 orbits, until this is complete, after which the 5 3 orbit takes them, 
continuing the transition elements down to platinum. After this 
the 6-quantum orbits begin to fill up, and the series finishes with 
radon, with a structure (2, 8, 18, 32, 18, 8). 

With the next, but incomplete series, a similar behaviour is 
noticed, a set of transition elements starting with actinium. 


These facts are 

set out in the Table given below. 

Table XXII 


Quantum group , n 

] 

2 

3 

4 

6 

He 2 

2 

— 

— 

— 

— 

Ne 10 

2 

8 

— 

— 

— 

A 18 

2 

8 

8 

— 

— 

Kr 36 

2 

8 

18 

8 

— 

Xe 64 

2 

8 

18 

18 

8 

Ra-Em or 80 
ltd. 

2 

8 

18 

32 

18 


Although we have derived these relationships by considering the 
general chemical properties of the elements, it is possible to derive 
them physically, as was done by Bohr. It is to be noted that the 
maximum number of electrons that a group can hold is 2n a , where n 
is the principal quantum number, but that even though a group 
may contain eighteen or thirty-two electrons, a position of compara- 
tive stability is reached when there are only eight electrons in the 
group. Thus argon is a very stable gas, and has' a stable arrange- 
ment of electrons although it only contains eight in the third 
quantum orbit, a level which is capable of holding eighteen. The 
outer orbit of an inert gas always contains eight electrons, the 
middle orbits taking a larger number of electrons. 

We have referred these orbits to their principal quantum number 
n, but there is still the question of the eccentricity of the Jliptical 
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Table XXIII. — Atomic Structures 



orbits to be considered, t.e., the number of electrons in the different k 
levels for each quantum number must be obtained. 

It may be stated here that as a result of work on the multiplets 
observed in the spectra of atoms it has been found necessary to 
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a 

¥ 

1 

2 

3 

4 

li 

2, 

2, 

3, 

3. 


6 

li 

2 

2. 

3, 3, 

« 

i. 

37 

Rb 

2 

8 

18 

2 

o 

4 




1 





38 

Sr 

2 

8 

18 

2 

o 

4 




2 





39 

Y 

2 

8 

18 

2 

2 

4 




2 





40 

Zr 

2 

8 

18 

2 

2 

4 


2 


2 





41 

Nb 

o 

8 

18 

2 

2 

4 


4 


1 





42 

Mo 

2 

8 

18 

o 

2 

4 


5 


1 





43 

Ma 

2 

8 

18 

2 

2 

4 


5 


*» 





44 

*Ru 

2 

8 

18 

2 

2 

4 


7 


1 





45 

Rh 

2 

8 

18 

2 

2 

4 


8 


1 





46 

Pd 

2 

8 

18 

2 

2 

4 

f 

4 

*7 







47 

A(C 

2 

8 

18 

2 

2 

4 

4 

6 


1 





48 

Cd 

2 

8 

18 

2 

2 

4 

4 

6 


2 





49 

In 

2 

8 

18 

2 

2 

4 

4 

6 


o 


v — 

1 



50 

Sn 

2 

8 

18 

2 

2 

4 

4 

6 


2 


2 



51 

Sb 

2 

8 

18 

2 

2 

4 

4 

6 


2 


3 



52 

Te 

2 

8 

18 

2 

2 

4 

4 



2 


4 



53 

I 

2 

8 

18 

2 

2 

4 

4 

6 


2 


5 



54 

X 

2 

8 

18 

2 

2 

4 

4 

6 


n 

7 

"7 



55 

Ca 

2 

8 

18 

2 

2 

4 

4 

6 

* 

2 

2 

4 


1 

56 

Ra 

2 

8 

18 

2 

2 

4 

4 

6 


2 

2 

4 


2 

57 

La 

2 

8 

18 

2 

2 

4 

4 

6 


2 

2 

4 


2 

58 

Ce 

2 

8 

18 

2 

2 

4 

4 

6 


2 

2 

4 

1 

2 

59 

Pr 

2 

8 

18 

2 

2 

4 

4 

6 

2 

2 

2 

4 

1 

2 

60 

Nd 

2 

8 

18 

2 

2 

4 

4 

6 

3 

2 

2 

4 

1 

*> 

61 

D 

2 

8 

18 

2 

2 

4 

4 

6 

4 

2 

2 

4 

1 

2 

62 

Sm 

2 

8 

18 

2 

2 

4 

4 

6 

5 

2 

2 

4 

1 

2 

63 

Eu 

2 

8 

18 

2 

2 

4 

4 

6 

6 

2 

2 

4 

1 

2 

64 

Gd 

2 

8 

18 

2 

2 

4 

4 

6 

7 

2 

2 

4 

1 

2 

65 

Tb 

2 

8 

18 

2 

2 

4 

D 

D 

8 

2 

2 

4 

1 

2 

66 

Ds 

2 

8 

18 

2 

2 

4 

4 

6 

9 

2 

2 

4 

1 

2 

67 

Ho 

2 

8 

18 

2 

2 

4 

4 

D 

■ml 

2 

o 

4 

1 

2 

68 

Er 

2 

8 

18 

2 

2 

4 

4 

6 

11 

2 

2 

4 

1 

2 

69 

Tra 

2 

8 

18 

2 

2 

4 

4 

6 

12 

2 ' 

2 

4 

1 

2 

70 

Yb 

2 

8 

18 

2 

2 

4 

4 

6 

13 

2 

2 

4 

1 

2 

71 

Lu 

2 

8 

18 

2 

2 

4 

4 

6 

6 H 

o 

2 

4 

1 

2 

72 

Hf 

2 

8 

18 

2 

2 

4 

4 

6 

6 8 

2 

2 

4 

2 

2 

73 

Ta 

2 

8 

18 

2 

2 

4 

4 

o 

6 8 

*> 

2 

4 

3 

2 

74 

W 

2 

8 

18 

2 

2 

4 

4 

6 

6 8 

2 

2 

4 

4 

2 


introduce still further modifications to the orbits, requiring another 
quantum number j, which may represent the direction of spin of 
the electron round its own axis. 1 It is called the inner quantum 
1 The quantum number j is the vector sum of the two quantum numbers 
l and s. On the new quantum mechanics l «■ k — 1, and * ■» J. tA is the 
angular momentum of the electron spin. For a one eleotron system jf m f ± | 
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n 

1 

2 

3 

4 

5 





6 



7 




— 

— 

— 

ii 

2i 


3, 


ii 

2 2 2 2 

3 2 3,3 

ii 

75 

Re 

2 

8 

18 

32 

2 

2 

4 

r> 

— 

2 




76 

Os 

2 

8 

18 

32 

o 

2 

4 

7 


1 




77 

It 

2 

8 

18 

32 

2 

o 

4 

9 


2 




78 

Pfc 

2 

8 

18 

32 

2 

»> 

4 


2 




79 

Au 

2 

8 

18 

32 

2 

o 

4 

4 

6 

1 




80 

Hg 

2 

8 

18 

32 

9 t 

<> 

4 

4 

6 

2 

. 

* 


81 

T1 

2 

8 

18 

32 

2 

2 

4 

4 

0 

2 

i 



82 

Pb 

2 

8 

18 

32 

2 

*> 

4 

4 

0 

2 

2 



83 

TJi 

2 

8 

18 

32 

2 

2 

4 

4 

0 

2 

3 



84 

Po 

2 

8 

18 

32 

2 

2 

4 

4 

6 

2 

4 



85 

— 

2 

8 

18 

32 

2 

2 

4 

4 

0 

2 

5 



86 

Rd 

2 

8 

18 

32 

2 

2 

4 

4 

0 

2 

2 4 



87 


2 

8 

18 

32 

2 

2 

4 

4 

6 

•> 

2 4 


1 

88 

Ra 

2 

8 

18 

32 

2 

2 

4 

4 

0 

2 

2 4 

Sr-' 

2 

89 

Ac 

2 

8 

18 

32 

2 

2 

4 

4 

6 

2 

2 4 

1 

2 

90 

Th 

2 

8 

18 

32 

2 

2 

4 

4 

6 

2 

2 4 

2 

2 

91 

Pa 

2 

8 

18 

32 

2 

2 

4 

4 

6 

2 

2 4 

3 

2 

92 

U 

2 

8 

18 

32 

2 

2 

4 

4 

6 

2 

2 4 

4 

2 


number, and besides explaining the hyperfine structure of spectra, 
it governs the behaviour of the lines of the spectrum in a magnetic 
field. By the application of various relationships that have been 
discovered, a discussion of which is beyond the scope of this book, 
the values of k and j for most elements have been satisfactorily 
settled. 

We can now sum up our picture of the atom. It consists of a 
nucleus which has a resultant positive charge equal to the charge 
on the electrons which travel in orbits outside it. These orbits are 
approximately elliptical, but themselves are preoessing. The orbits 
are defined by the possession of certain amounts of energy and no 
other, so that the number of orbits is limited. The orbits may 
interpenetrate. The electrons themselves in these orbits are 
spinning. • 

The arrangements of electrons in the various atoms are given in 
the Table above. 

54. The Nucleus* — A fairly complete picture of the arrangement 
of the extra-nuclear electrons in the atom has now been presented. 
These planetary electrons are of importance to us as chemists. The 
Mature of the nucleus is not quite so important, as it does not affect 
the chemical properties of the atom to anything like the extent the 
extra-nuclear electrons do. The study of the nucleus is of con 



THE NUCLEUS 


139 


siderably greater difficulty than that pf the exterior of the atom 
and it is only within recent years that any knowledge of its nature 
has become available. 

It is largely owing to the work of Rutherford and of Gamow that 
our knowledge of the arrangement of the ultimate particles in the 
nucleus has advanced. It would appear that the a-partiele is moving 
in the nucleus in a quantised orbit, because it is always liberated with 
a constant velocity. That a -particles do occur in the nucleus is shown 
by radioactivity, which has already been discussed. The a-partiele 
is a positively charged helium atom, and contains therefore two 
protons and two neutrons. 

Estimates of the size of the nucleus have been derived from two 
sources. The scattering of a-particlcs leads to the view that the 
radius of the nucleus of a heavy atom is loss than 3-2 x 10 2 om., 
but radioactivity leads to a value of about 0*5 X 10~ 12 cm. The 
difficulty is to reconcile these two estimates. This can be done if 
we assume that if any particles of the nucleus do extend to such 
a distance as 6 X 10~ 12 cm., they must be electrically neutral. 
These neutral particles may be the neutrons already referred to in 
Chapter II. (§42). 

It is now generally considered that there are three regions in the 
nucleus. The central part consists of a tightly packed arrangement 
of neutrons and protons, and has a radius of about 1 X 10~ 12 cm. 
This central part of the nucleus is probably common to several 
elements, additions to the nucleus occurring to the outer parts. It 
is certainly common to radioactive elements. After this is a region 
occupied by neutrons and positive nuclei of small mass, moving with 
a velocity approaching that of light. These extend to a radius of 
about 1*5 X 10~ 12 cm. The outer region contains neutral particles. 

55. Electron and Nuclear Spin. — When the Bohr theory was 
applied to atoms containing more than one planetary electron, it 
was found that the three quantum numbers, n t k , j> already men- 
tioned, were insufficient to describe accurately the spectral, and 
other properties of the atom. New quantum numbers were there- 
fore introduced, thus making the theory considerably more compli- 
cated. These now numbers were supposed to stand for nuclear spin, 
and other properties. It is doubtful, however, whether any physical 
significance should be attached to these numbers. They are useful 
in the mathematical theory, but may have no simple physical 
meaning. 

The Pauli Exclusion Principle , which states that no two electrons 
in an atom may possess completely identical sets of quantum 
numbers, has proved of service in deciding the quantum numbers 
to be assigned to any electron. 
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Although the quantum numbers themselves may not directly 
represent electron and nuclear spin, there is no doubt that these 
spins exist . Tt has been shown, by a method outside the scope of 
this book, that the multiplicity of spectral lines (§49) may be 
explained by assuming the existence of electron spin. Elements 
with an even atomic number have been found to give lines with 
an odd multiplicity (singlets, triplets, quintuplets, etc.), whereas 
<»Jements with an odd atomic number give lines with an even 
multiplicity (doublets, quartets, sextets, etc.). 

The spin-quantum numbers have been used by Heitler and 
liondon in their quantum theory of covalent linkages (§ 60). 

56. Wave Mechanics. — Although Bohr’s theory is able to explain 
in a very satisfactory manner the periodicity running through the 
properties of the elements, the presence of transition groups in the 
Periodic System, and many other points connected with the nature 
of the atom, it fails to answer completely more complicated questions 
which arise. , 

For example, Bohr's quantum theory of the atom gives no 
explanation of the intensities of spectral lines unless further assump- 
tions are made. Nor can it explain tho more complicated spectra, 
liven the spectrum of helium, next in difficulty to that of hydrogen, 
cannot be adequately dealt with by the quantum theory. Moreover, 
the arbitrary postulates on which it is based, running, as they do, 
completely counter to classical conceptions, are difficult to accept 
without explanation. 

The system of wave-mechanics provides an explanation of the 
Bohr postulates, and at the same time extends the theory so that 
the more complicated problems of atomic structure can be effectively 
attacked. 

Bohr's theory looks upon the electron as a material particle, but 
in 1924 do Broglie put forward the new idea that all moving material 
particles of whatever nature have wave-properties associated with 
them. Thpso particles will, of course, include electrons. The fact 
that electrons can possess the properties both of corpuscles and 
waves was suggested by the similar state of affairs existing with 
light. Ah is well known, Newton’s view of the nature of light was 
that it was corpuscular. 1 His theory accounted satisfactorily for 
the laws of reflection and some other properties of light. In the 
nineteenth century, however, Young's experiments on interference 
and diffraction of light led to the view that light possessed the 
properties of waves, a theory put forward as early as 1690 by 

1 Newton does, however, appear to have introduced a periodicity into his 
theory to explain, for example, Newton’s rings. To this extent he may be said 
to have anticipated the particle-wave-motion theory. 
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Huygens, but discarded owing to the greater prestige of Newton. 
Young's work caused the complete destruction, for the time being, 
of the corpuscular theory, and it was shown that the wave theory 
could not only explain the newly discovered phenomena of inter- 
ference, but also the laws of reflection and refraction in a manner 
just as satisfactory as the corpuscular theory. Early in the present 
century, however, new phenomena were discovered which the wave 
theory by itself could not explain. The photo-effect and the Zeeman 
effect demanded that light should be regarded as made up of 
photons, which possessed the properties of both corpuscles and 
waves. Photons were looked upon as *' wave packets ” or pulses, 
and were associated with energy proportioned to tin* frequency of 
the wave— quanta, in fact, given by Planck's equation 

E = hv. 

The application of a similar conception to moving material 
particles is the basis of wave -mechanics. Do Broglie supposed that 
the wave-length, X, associated with a moving particle is given by 

X - hhro\ 

where h is Planck’s constant, m is the mass, and v the velocity of 
the moving particle. 

Tf this is the case, it should be possible to calculate the wave- 
length associated with the electron when it is moving with a given 
velocity. When this calculation is carried out the wave-length 
associated with an electron which has acquired energy by falling 
through a potential difference of 100 volts is found to be 1 -22 A. 
which is of the order of the wave-length of soft X-rays. 

If electrons are, in fact, associated with waves it would be 
expected that they would show the phenomena of interference and 
diffraction in the same way as light. This suggestion, which was 
made by Eisasser in 1925, was verified by Davisson and Germer, 
who showed experimentally that there was selective reflection of 
electrons at the surface of a nickel crystal. The results were very 
similar to those obtained with X-rayB, and when the effective wave- 
lengths of the electrons were calculate by the usual diffraction 
formula the values obtained agreed with those given by the dc 
Broglie equation within the limits of experimental error. These 
experiments, and those of G. P. Thomson, are referred to again 
in § 130. 

Perhaps the most outstanding experimental evidence that elec- 
trons are associated with waves is provided by the fact that it is 
possible to construct an electron microscope. It is well known that 
the resolving power of an optical microscope is limited by th" wave- 
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length of the light used, the size of the object which can be success- 
fully seen varying with the wave-length. The lowest wave-length 
that can be used with an optical microscope is in the neighbourhood 
of 3000 A. Since electrons can bo deflected by electric and magnetic 
fields it is possible to construct magnetic and electrostatic focusing 
systems and hence to use a beam of electrons in the same way as a 
beam of light. Of course, the electrons cannot be “ seen ” in the 
same way as light, but they can be photographed, like X-rays. 
The smallest object that can bo “ seen ” with an optical microscope 
has a diameter of about 2 X I0~ 4 cm., but since electrons have a * 
. very much smaller effective wave-length, the electron microscope 
can be used to “ see ” objects of diameter as small as 10~ 6 cm., 
which is almost of molecular dimensions. With the aid of this 
instrument it has been possible to photograph macro-moleculos, 
such as protein molecules. The disadvantage of the electron micro- 
scope lies in the fact that the beam of electrons may destroy, 
or damage the object being “ viewed,” particularly biological 
material. 

56a. The Dual Nature of Matter and- Waves. — It has thus been 
established experimentally that electrons have the properties of 
waves. At the same time they have the properties of particles, 
since they have mass and momentum, which can only be thought 
of as the attributes of corpuscles. 

Not only is this true of the electron, but it also holds for atoms 
and molecules. Stem showed in 1932 that atomic and molecular 
rays were diffracted at crystal surfaces in the same way as electrons, 
so that wo are forced to the conclusion that all matter has a wave 
aspect as well as a particle aspect. Thus both matter and electro- 
magnetic waves have a dual nature. ; Matter has a wave aspect, 
and waves have a particle aspect. The two are complementary. 
It can be shown that if an experiment is devised to test the wave- 
properties of piattcr, then the matter behaves entirely as waves. 
Conversely if an experiment is devised, say, to measure the momen- 
tum of a particle, then the material side of matter only will be in 
evidence. If we consider wave-length X, as the property of waves 
we are thinking of, and momentum as the property of particles, 
the two are connected by the de Broglie equation 



mv 


since mv is the momentum. Thus the connecting factor is h, Planck's 
constant. 

The de Broglie equation can also be used to connect frequency v 



WAVES 'AND PARTICLES 


m 


with energy ( Jwv*) ainco the wave-length, \ < 


mv * jwt ? 2 

T~ V 


We thus have 


We see again that the factor connecting frequency (a wave property) 
with kinetic energy (a particle property) is Planck's constant, h. 

The system of wave-mechanics attempts to explain this dual nature. 
rSchroedinger at first supposed electrons to bo wave-packets, but 
although the formulas deduced on this basis are correct, this inter- 
pretation cannot be supported since wave-packets would, in course 
of time, be dissipated. This difficulty can be avoided by supposing 
that the wave-packet is carried on a guiding wave. An analogy may 
be useful. The guiding wave may bo compared with the carrier 
wave in wireless transmission. In wireless, waves of a certain wave- 
length are transmitted from the station, and these are constant in 
length, but superimposed upon them is another wave-motion, which 
ultimately translates itself into the sound we hear in the loud 
speaker. This corresponds to the wave-packet. 

The guiding wave is given by the Schroedinger equation 
hhfr Sty 

&r 2 ~ + 8y 2 ' £z 2 ' h* 

where W is the total energy and V the potential energy of the particle 
The amplitude \fr of this guiding wave at any point is the square 
root of the probability that an electron is to be found at that point. If 
the amplitude is zero the probability of finding the electron at that 
place is negligibly small. If the equation is solved for the special 
boundary conditions which are imposed by the physical nature of 
the question, viz,, that \fs and \}s are everywhere single- valued, con- 
tinuous, and finite, certain values of W are found. The Schroedinger 
equation can, in fact, only be solved under these conditions, when 

27r 2 zyj 

W = — - 0 where n is any integer. For any other value of n 
n 2 h 3 


8lt p (w - V) y, - o 


the waves interfere with each other and are destroyed. 

The Schroedinger equation thus leads to the same numerical result 
as the Bohr theory, but without the use of the arbitrary assumptions 
made by Bohr. 

66b. Probability in the Theory 0 ! Atomic Structure.— It will be 

seen that in the Schroedinger equation the probability of the 
electron being in a certain element of volume is an important aspect 
of the theory. In fact it is now held that the exact position of an 
electron cannot be determined if at the same time we require to 
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know its exact velocity. This is expressed in Heisenbergs uncertainty 
principle, whichstatesthatitisimpossibletodcterminesimultaneously 
both the momentum and the position of a particle accurately. 

Heisenberg showed that if hx is the uncertainty in determining 
the exact position of a particle within the wave-packet, and /\ p 
is the uncertainty in determining the momentum, fz. f\p is 
approximately equal to Planck’s constant h . 

This means that the law of causation can no longer be regarded 
as the basis of physics. Instead, probability is the guiding principle. 
Wo cannot say that an electron is moving in a certain orbit; wc can 
only say that the probability of its being there is very great, but 
there is always the chance that it may be elsewhere. This leads 
further to the view that nothing is impossible. What classical 
mechanics would lay down as impossible, as, for example, a body 
rising from the table on which it is placed, against the action of 
gravity, can now' only be said to be highly improbable. The philo- 
sophical consequences of this view of matter are very important 
and far-reaching, but they cannot be discussed here. 

For a fuller treatment of w r ave mechanics and its application to 
problems of atomic structure and other properties of matter, where 
it has completely displaced the Bohr theory, the reader should 
consult on© of the specialised texts mentioned at the end of this 
chapter. 

57. Ortho- and Par^-Hydrogen. — The prediction that there should 
be two forms of hydrogen, w hich was made on the basis of the wave- 
mechanics, is interesting, as it has been verified experimentally. 

The nucleus of the atom is spinning, and when two hydrogen 
atoms come together to form a molecule, they may unite in such a 
way that the nuclear spins aid each other (symmetrical) or neutralise 
each other (anti-symmetrical) Tu the first instance, ortho-hydrogen 
is produced, and in the latter, para-hydrogen. The ordinary gas 
consists of a mixture of the two forms in the proportion of about 
three parts of ortho- to one part of para-hydrogen, at ordinary 
temperatures. The proportions of the two form? present vary with 
the temperature. Since the form with no resultant spin, i.e., the 
para-form, will have less energy than the other, the gas should 
consist mainly of this form at very low temperatures. This was 
tested by Bonhoeffer, who was able to prepare 99-7 per cent, pure 
para -hydrogen by cooling. In consequence of the difference in 
energy content, the two forms will possess different specific heats 
(Chapter VII., 13 1, 139). 



SUMMARY 145 

SUMMARY 

In order to give a theoretical explanation for black-body radiation. 
Max Planck supposed that energy was not emitted or absorbed by a 
vibrating body continuously, but in quanta, of magnitude hv, where v 
is the frequency of the radiation, and h a universal constant, known as 
Planck’s constant. 

Bohr showed that the Rutherford atomic model was unstable, and, 
if it were accurate, would indicate that the spectra of elements in the 
form of gas should be continuous, whereas they are lino-spectra. He 
applied quantum considerations to the motion of the electrons, sup- 
posing (1) that the electrons moved only in certain orbits, in which they 
radiated no energy. . These were called “stationary states.” The 
electrons in these states possess certain definite energies, the values of 
which are restricted by certain rules of quantising. (2) When an 
electron passes from an orbit of energy E } to another of energy E 2 , 
monochromatic radiation is emitted or absorbed, the relationship 
governing the frequency, v, of this radiation being E v - hv . This 

theory gives a satisfactory explanation of atomic spectra, and particu- 
larly of the hydrogen spectrum. It is possible to calculate the number 
of electrons in each orbit in any atom, and the results agree in a 
remarkable way with conclusions based on the Periodic Table. 

The Bohr theory is now comprised in the new Quantum- und Wave- 
Mechanics. 
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QUESTIONS * 


(1) Describe the evidence afforded by a study of spectra concerning 
the nature of the atom. 

(2) Show how the various line series in the hydrogen spectrum have 
been explained. 

(3) Upon what principles is it possible to discover the orbits of the 
electrons outside the nucleus ? 

(4) Givesomo account of the recent work on the structure of the nucleus. 
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VALENCY 

58. Development o! the Theory o! Valency.— Such radical changes 
have taken place in our views of the meaning of valency that it is 
advantageous to trace the development of the conception. 

Like many other theories, the theory of valency arose from the 
application of the atomic theory to chemical behaviour. The burning 
question at the beginning of the nineteenth century was the way in 
which atoms combined with each other. From a study of electro- 
lysis, Davy, in 1807 , came to the conclusion that opposite parts of 
the atom (defined according to the view of Dalton, which included 
atoms of both elements and compounds) possessed opposite electrical 
charges, produced by induction. His view does not seem to have 
been generally accepted, or to have been given serious thought. 
A few years later, in 1 812, Berzeliu s put forward an hypothesis which 
was considerably more comprehensive. Berzelius started with the 
assumption that each atom possessed a characteristic electrical 
polarity, which was concentrated in at least two poles, of different 
intensity and different sign. Only the resultant electric force mat- 
tered as regards external properties, so that although an atom might 
possess numerous different charges, it appeared to be unipolar. Com- 
pounds were formed by complete, or only partial neutralisation of the 
opposite charges of other atoms. Thus, according to this view, all 
compounds were made up of two parts, electrically opposite in 
character, and the theory was therefore called the dualistic theory . 

Thus the iron atom was supposed to have a positive charge, and 
the oxygen atom a negative one, and combination occurred by the 
partial neutralisation of these charges, 

+ — + 

Fo + 0 — FeO. 

Similarly sulphur had a positive charge which was fairly large, and 
could take up three atoms of oxygen. 

S + 30 = SO,. 

The FeO and the S0 3 thus produced were endowed with small 
residual charges, and could therefore partly neutralise each other 
and form another compound. 

FeO + S0 s = (FeO, S0 8 ) « FeS0 4 . 

146 
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The FeS0 4 was still not quite neutral, for it could take up seven 
molecules of water to make the crystalline salt, FeS0 4 , 7H 2 0. 

Berzelius developed this theory almost alone, and some of his 
assumptions were soon threatened. He had taken oxygen as the most 
negative element, but the discovery of the properties of chlorine made 
this questionable. Again, the rising et organic chemistry ” did not 
prove a suitable ground for dualism. At first the organic work 
received ample explanation at the hands of dualism. Organic com- 
pounds were classed together as simple compounds in which groups 
ol atoms, called compound radicals, played the part of 
elements, an assumption that was put on a firm footing by the work 
of Gay-Lussac on cyanogen. The radical was the electropositive part 
of the molecule, which could take up oxygen as the opposite pole. 
This, of course, naturally excluded the presence of oxygen in com- 
pound radicals, and Berzelius had to give in on this point when 
Liebig and Wohler discovered the benzoyl radical (C 6 H 6 CO). 

In 1839, Bunsen discovered the radical cacodyl, C 4 H 12 As 2 . 
Research on this radical showed in a much clearer way than was 
hitherto known, how the atoms were combined in it. To this work 
Berzelius took such a one-sided attitude that he not only lost many 
of his adherents, but had to face severe attack from many quarters. 

) . The discovery of substitution in organic compounds by Dumas was 
the final point. Dumas showed that the hydrogen in many com- 
pounds could be replaced by chlorine, without there being any very 
great change in the properties of the compound. This is well illus- 
trated by the case of acetic acid. When one atom of the methyl group 
is replaced by one of chlorine, monochloraoetic acid, CH 2 Cl.COOH, is 
formed. This substance resembles acetic acid quite closely, and yet 
the positive hydrogen has been replaced by the very negative 
chlorine. Facts like this were quite incompatible with dualism, and 
proved the downfall of the theory. 

It may be mentioned in passing that in many respects our modern 
view of chemical combination resembles the dualistic theory, as will 
be seen later. 

To take the place of the dualistic theory, Dumas proposed a theory 
of types . This held that the chemical nature pf a compound depended 
primarily on the arrangement and number of its constituent atoms, 
and that the chemical nature of the atoms was of lesser importance. 
This theory had advantages, and was improved by Gerhardt in 1856. 
There were four types on which organic compounds could be classi- 
fied, These were : — 


H ] 

H ] 

H 1 

H 

H 

• N 

' 0 


H 

H 

H 

a 


I. Ammoni* Typo. Z Water Type. 3. Hydrogen Type. 4. Hydrochloric Add Type. 
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Organic compounds were all made by substituting elements or 
radicals for the hydrogen. Thus, acetamide was of the ammonia 
type, and was obtained from it by substitution of the acetyl group, 
0 2 H 3 0, for one atom of hydrogen. Methyl alcohol was of the water 
type, since methyl alcohol could theoretically be obtained from water 
by substitution of a methyl radical for an atom of hydrogen. From 
these four types, Gcrhardl was able, in a most ingenious way, to 
explain the nature of nearly all the known organic compounds. These 
views were generally accepted, and the number of types was ex- 
tended by Williamson and Kekule. Williamson introduced mixed 
types, which were derived from two or more of the four types pre- 
viously mentioned. Thus, benzenesulphonic acid belonged to the 
mixed type 


H 

H 


<VI 3 



o 


Kekule introduced the new type — 


H 

H 

H 

U 


methane. 

In spite of the existence of these types there was frequently some* 
uncertainty about the type to which a compound belonged, and the 
accumulation of a largo number of types in a complex substance* 
caused confusion. To give an example of the complexity of the 
explanation, the formula of the radical of phthalie acid may be 
quoted. This was given as 



C 


0)0 


0 


V 


0 


R 

H 

H 

0 

H 

0 


Before the Gerhardt theory of types had reached the apex of its 
development, a new point of view was slowly forming. Frankland, 
in 1852, having studied some organo-metallic compounds, camo to 
the conclusion that the regularities noticed in the composition of 
organic and inorganic compounds were due to the fundamental 
properties of the atoms contained in them. The cause of the regu- 
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larities was due to a saturation capacity , which was characteristic 
of the element, and which could grow within certain limits. The 
saturation capacity of an clement was the number of atoms of 
another element or radical which could combine with one atom of 
the original element, to form a compound. For the elements of the 
nitrogen group, for example, it was three or five. In Frankland’s 
own words : “ When the formula' of inorganic chemical compounds 
are considered, even the superficial observer is struck with the 
general symmetry of their constitution ; the compounds of nitrogen, 
phosphorus, antimony, and arsenic especially exhibit the tendency 
of these elements to form compounds containing three or five 
equivalents of other elements, and it is in these proportions that 
their affinities are best satisfied ; thus, in the ternal group, we have 
N0 3 , NH 3 , NI 3 , NS 3 , P0 3 , PH 3 , PC1 3 , Sb() a , NbH 3 , SbCl* AsO a , 
AsH a , As 01 3 , etc., and in the five atom group, N0 5 , KH 4 (), NH 4 I. 
P0 5 , PH 4 1, etc. Without offering any hypothesis regarding the cause 
of this symmetrical grouping of atoms, it is sufficiently evident, from 
the examples just given, that such a tendency or law prevails, and 
that, no matter what the character of the uniting atoms may be, the 
combining power of the attracting (‘lenient, if I may be allowed the 
term, is always satisfied by the same number of these atoms.'’ In 
this way the fundamental basis of the theory of valency was laid. 

Kolbe adopted Krankland’s idea with enthusiasm, and Kekule in 
particular took it up, and arrived at Hie conception of the quadri- 
valency of carbon. 

Numerous difficulties soon arose. The first question was whether 
valency was to be regarded as constant, or whether, under certain 
circumstances, it could vary. Frankland, as has already been stated, 
believed that it could vary within certain limits, and he was sup- 
ported in this view by Kolbe. Kekule, however, defined valency as a 
fundamental, and strictly invariable property of the atom. However, 
the fact that valency, or saturation capacity did change, was evident 
from the existence of such substances as phosphorus trichloride and 
pentachloride. Both of these are definite compounds, and yet one 
contains more chlorine than the other. To explain this. Kekule 
introduced the s ystem of molecul a r and atomisti c eompoumtsTTii 
atomistic compounds, the elements had their full saturation capacity 
satisfied. Thus, common salt would be an atomistic compound, 
because one atom of sodium has combined with one atom of chlorine 
to make a molecule of sodium chloride, and the valency of the sodium 
is satisfied. Molecular compounds were made by the combination of 
two atomistic compounds, in virtue of the forces of affinity. The 
molecular compounds were supposed to be less stable than the 
atomistic compounds. Phosphorus trichloride was supposed to be an 
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atomistic compound. Hie saturation capacity of the phosphorus had 
been satisfied by three atoms of chlorine. We should say the valency 
of phosphorus is three. Phosphorus trichloride, however, can com- 
bine with a molecule of chlorine to form phosphorus pentachloride, 
which, according to Kekule, was a molecular compound. The 
valency of phosphorus must still be regarded as three. Phosphorus 
pentachloride could be written [PC1 3 ]C1 2 , to emphasise this. More- 
over, phosphorus pentachloride, on heating, dissociates into phos- 
phorus trichloride and chlorine, and thus it gives all the appearances 
of being a molecular compound, being less stable than the tri- 
chloride, which is atomistic. 

However, certain substances, which, according to Kekule, should 
be regarded as molecular compounds, were markedly stable. Particu- 
larly was this so with phosphorus pentafluoride. The existence of 
this stable compound convinced many that valency was variable, 
and militated against Kekule’s theory. Erlenmeyer supposed that 
each atom had a higher valency limit which need not always be 
satisfied. In determining valency, the fully saturated compounds 
only should be considered. 

The generally accepted view of valency at this time may be 
summed up as follows : Every element possesses the power to com- 
bine with other elements, but the extent to which this combination 
can go on is limited. Every element has a saturation capacity. In 
order to give a definition of saturation capacity, or valency, it may 
be said that valency is the number of atoms o r hydrogen with which 
one atom of the element will combine. Thus, the valency of oxygen 
is two, because two atoms of hydrogen combine with one atom of 
oxygen to form water. The valency of nitrogen is three, because one 
atom of nitrogen will combine with three atoms of hydrogen to form 
ammonia, NH 8 . Looked at from this point of view, it was natural to 
assume that atoms possessed valency “ bonds/ 1 which might be pic- 
tured as solid rods extending from the atom. Each “ bond ” was able 
to attach itself to one hydrogen atom, which possessed one “ bond.” 
Combination, therefore, meant the fusion of these “ bonds.” 

H 


H— 0— H 


H— N— H 


Water. 

Oxygen has 
two "bonds”: 
it ia bivalent. 


H 

I 

H— C— H 


Ammonia. 
Nitrogen has 
three 

"bonds”; it is 
tervalent. 


H 

Methane. 
Carbon has 



VALENCY BONDS 


151 


The conception of valency " bonds ” made it easier to elucidate 
chemical combination between elements when one of them was not 
hydrogen. Many metals would not combine with hydrogen, and so 
their valencies could not be determined directly according to the 
above plan. They would, however, combine with chlorine, which 
was known to be a univalent element, because one atom of chlorine 
combined with one atom of hydrogen to give one molecule of 
hydiogen chloride. The valency of the metals could thus be deter- 
mined through the chloride. 

H— Cl Cl— Ca— a 

Hydrogen chloride. Calcium chloride. 

The chlorine is univalent. The calcium is bivalent because 

it takes up two univalent chlorine atoma. 

Such a view of valency “ bonds ” would naturally tend to give 
the idea that valency was a directed force, manifested at certain 
points in the atom. Erlenmeyer held that this was so, and this view 
Jed to the hypothesis put forward by van’t Hoff, and almost simul- 
taneously by Le Bel, of space-directed valency forces giving rise in 
the case of carbon to a tetrahedral model, which, in actual fact, had 
been suggested by Wollaston some ten years before. The theory of 
stereochemistry has been of outstanding importance in organic* 
chemistry in explaining the existence of isomers and the phenomenon 
of optical activity. 

Whilst in inorganic chemistry the assumption of variable valency 
was a necessity, in organic chemistry this was not so, and for a long 
time the only exception to the quadrivalent carbon atom was found 
in carbon monoxide, CO. To make carbon always quadrivalent, 
the theory of double and triple bonds, or unsaturation was suggested. 
Thus, in ethylene, C 2 H 4 , it w r as supposed that the two carbon atoms 
were linked by two bonds, instead of one, 

H— C— H 

II 

H — C — H 

The bond between the two carbon atoms was called a “ double ” 
bond. In acetylene, C 2 H 2 , it was necessary to suppose that the two 
carbon atoms were joined by a “ triple ” bond. 

C— H 

III 

C— H 

In both cases the quadrivalency of carbon is preserved. Substances 
containing these double and triple bonds are said to be “un- 
saturated.” They possess much greater chemical activity than 
substances containing single bonds only {“ saturated ” substances), 
and readily enter into “ addition ” reactions, whereby they become 
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saturated. In these, elements or groups are added to the unsaturated 
molecule without the elimination of any atom. Bromine adds on to 
ethylene, giving ethylene dibromide. 

Br 

• I 

H— C— H Br H — C— H 

II + | ~ | 

H--0 — H Br H — (J — H 

I 

Br 

Ethvlenc. Ethylene dibromide. 

The explanation of the additive powers of unsaturated bodies was 
given in a very satisfactory way by Thiele, who supposed that in the 
formation of the double bond the affinity force is not completely 
satisfied, so that part of the valency is left. To this fraction Thiele 
gave the name “ par tial valenc y.” These partial valencies were 
capable of adding ort the usual addition elements or groups. 

This theory explained in a remarkably neat way the mode of 
addition of elements to a conjugated system of double bonds, i.e., 
an alternation of double and single bonds, as found in mu conic acid, 
for example. 

COOH - CH - CH - CH - CH - COOH. 

8 y ft a 

The partial valencies of the ft- and y-OH groups were supposed to 
satisfy each other, thus : — 

COOH - CH = CH - CH = £H - COOH 


This explains the fact that addition to muconic add always results 
in the formation of an a- S- compound. The theory also explains the 
relative inactivity of benzene, although this substance contains three 
double bonds. These double bonds form a conjugated system, and 
so in the end the molecule behaves as if it wore saturated. 


CH 




VALENCY AND THE PERIODIC TABLE K>:* 

It also explains the aliphatic nature of the partly hydrogenated 
ring : — 



A consideration of valency in the light of the Periodic Table 
showed that in the compounds of elements with oxygen, assuming 
the valency of oxygen to be 2, the valency ascended regularly from 
Croup I. to VII. 

Thus, taking the elements in the first short series in order. 
Table XXIV. shows the compounds formed with hydrogen, and 
Avdth oxygen. 

There were, however, numerous exceptions when other compounds 
tluin those with oxygen were considered. Blomstrand pointed out 
that it was better to take hydrogen compounds. From this point 
of view, it follows that the valency of an element depends on the 
nature of the element with which it is compounded. Blomstrand 
thought this difference to be due to the electrochemical nature of 


Table XXIV. — Valency and the Periodic Table. 


13 

T. 

II. 

III. 

JV. 

V. 

VJ. 

VII. 

He 

Formulae of ) 

Li 

Be 

B 

c 

X 

0 

F 

Hydrogen — 

Compounds. ; 
Formulae of ) 

.LiH 

BeX,** 

B,H,* CH. 
».H 10 

NH, 

OH, 

FH 

Oxygen r — 

Compounds. ) 

* Anomalous. 

Li,0 

BeO 

Up, 

CO, 

K.O, 

— F,0* 

(SO,) (Mn.O,) 


• ** Be dees not form a hydride, but combines with two atoms of a univalent 
radical such as (OH,). 

the combining element. He pointed out that a strongly electro- 
positive or electro-negative element, exerting all its force, always 
took on the lowest valency. To a certain extent, then, he returned 
to the view of Berzelius. 

Owing to the connection between affinity and valency, many 
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investigators tried to find an explanation of the former in the hope 
that it might lead to an elucidation of the latter. However, the view 
that there was any force behind valency dropped out, and Lothar 
Meyer summed up the views of the time (1870) by the statement that 
“ By chemical valency we mean the ratio of the atomic weight to the 
equivalent weight of an element. Valency is thus a pure number.’ * 
(See Chapter I., § 1 1 .) It is clear, then, that he did not look upon it as 
any expression of force. 

The existence of molecular compounds was still not satisfactorily 
explained. These compounds included: (1) the so-called double 
halides, such as the stannichlorides, platinichlorides, silicofluorides, 
eto.; (2) the complex cyanides (such as ferro- and ferri-cyanides), and 
nitrites (such as cobaltinitrites) ; (3) the hydrates ; (4) the ammines, 
complex compounds containing ammonia ; and (5) oxonium and 
sulphonium compounds, etc. (organic compounds of quadrivalent 
oxygen and sulphur). 

The formulae of some of these compounds are given below 

HAuC 1 4 K 3 SbCl 6 

Na 3 AlF 6 [(H 2 0) 4 CrCl 2 ]Cl 

(NH 4 ) 2 SnCl e K 8 Co(N0 2 ) 6 . 

These compounds all appear to be made up of two molecules, each 
of which is capable of a separate existence. Thus, potassium ferro- 
cyanide, K 4 Fe(CN) 6 , may be regarded as compounded of 4KCN and 
Fe(CN) 2 . The formula could not, however, be written 4KCN, 
Fe(CN) 2 , as this denotes that on solution in water, potassium, ferrous 
and cyanide ions would be produced, whereas actually, only potas- 
sium K+, and ferrocyanide Fe(CN) e ions are produced. Ions, 

such as the ferrocyanide, ferricyanide, cobaltinitrite, etc., ions, are 
called complex ions. 

The problem is to find some method of writing the formula of 
these complex ions in order to indicate their structure. Consider 

again the ferrocyanide ion, Fe(CN) e . The six cyanide groups 

are here identical in their relationship to the iron atom, for they may 
be replaced by other groups, and no matter which one is replaced, 
the same compound results. They must be either linked to the 
central iron atom, giving the latter an apparent valency of six, 
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or they must be linked to each other in some such way as that 
illustrated below : — , 

CN — CN — CN i 



L CN— CN — CN J 

Of those, the first assumption is preferable, since the second is 
incompatible with the statement made above that all six (CN) 
groups are equivalent as regards replacement. 

The consideration of a greater number of compounds of this typo 
reveals the fact that the central atom of the complex ion frequently 
shows a maximum valency of six, though for some (dements it may 
be four. The maximum valency appears to vary with tho position 
of the element in the Periodic Table, as shown in the following Table. 

Table XXV 


Maximum Valency. 

Hydrogen ... 2 

Lithium — Fluorine . . 4 

Sodium — Bromine . '6 

Rubidium — Uranium . / (rarely 8) 


Alfred Werner, in 1891 and the following years, propounded a 
theory which was capable of explaining the behaviour of these 
molecular compounds. According to this theory, there was a ten- 
dency amongst certain atoms to attach to themselves a definite 
number of other atoms or groups, irrespective of their valency. 
The maximum number of groups that could be added was called the 
co-ordination number . It is usually four, or six. The atoms or groups 
thus attached were supposed to be in the first zone. Besides these, 
the molecule could contain other atoms or groups which were in a 
second or outer zone. These were not so firmly held, and could be 
ionised in water, whereas those in the first or inner zone could not. 
To return to the example of potassium ferrocyanide ; according to 
Werner, the substance could be written K 4 [Fe(CN) 6 ]. The co-ordina- 
tion number of the iron is 6, because the iron atom is surrounded 
by six cyanogen groups. These are in the first zone, and not dis- 
sociable. The whole group, [Fe(CN) 6 ], or co-ordination complex (as 
it is called), can take up four potassium atoms, and these are in the 
second zone, and can be ionised in aqueous solution. 

The spatial arrangement of these atoms and groups in the 
co-ordination compounds was also elucidated by Werner. The 
4-co-ordinated compounds could have a planar or a tetrahedral 
structure. 

wtf# Us* 
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This was verified by the fact that there are two isomers of compounds 
of the type [A 2 MB 4 ], such as [Pt(NH 3 ) 4 Cl 2 ], which differ considerably 
in colour, crystalline form, etc. On the octahedral theory they may 
be represented as 

Cl 




No other structure (plane hexagon, or prism are possible alter- 
natives) would give this. 

The electrical charges on the parts ol these complexes were investi- 
gated by Werner. If, in the complex ion, a neutral molecule or 
group (e.g., ammonia, NH 3 ) is replaced by a negative ion {e.g., Cl~), 
the charge on the complex ion is increased by one negative unit. 
Thus, if the complex is already positively charged to the extent of 
four units, it will be positively charged to the extent of three after the 
replacement. The following series of compounds may be prepared : — 

|Et(NH 3 ) e J ‘ f ■ r CI 4 — 

[Pt(NH 8 ) 6 Cl] H + Ufl t -- 
[Pt(NH 3 ) 4 Cl 2 ] + + CL — 

[Pt(NH 3 ) s Cl 3 ] + Cl- 
IPtfNHjJjClJ 
[Pt(NH 3 )Cl 8 ] ~ K + 

[PtClJ ” ~ K a ' + 
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The successive replacement of the neutral ammonia molecule by the 
electro-negative Cl “ decreases the charge on the complex ion, until 
the neutral compound fPt(NH 3 ) 2 Cl 4 ] is reached, which does not 
ionise at all. Further introduction of Cl ”, and removal of NH 9 , 
makes the whole complex ion electro-negative, and it is possible for 
it now to combine with an electro-positive metal like potassium. 

The view that the central atom can take up a number of groups 
irrespective of their valency was quite foreign to the conception of 
valency held at the time (1890-1900), and the theory met with a poor 
reception. More recently, however, it has been shown to be essentially 
accurate, and the co-ordination compounds have received satis- 
factory explanation on the electronic theory of valency (§ fil). 1 

An important piece of work was that of Abegg in 1904, who 
returned to the idea that different valencies could be exhibited by ail 
element, depending upon the element with which it was combined. 
He found that many elements had two kinds of valency which he 
called normal and contra -valency, and the sum of these was always 
eight. He called the maximum normal valencies positive for metals, 
and negative for non-metals. The contra-valency is of opposite 
polarity, and is much less frequently in evidence than the normal 
valency. The variation of these valencies with the group in the 
Periodic Table is shown in the Table below : — 


Table XXVI 


Maximum 


r Normal . 
I Contra . 


Group in the Periodic Table. 
12 3 4 5 f> 7 

-i I i-2 +3 4 -3 -2 - 1 

(-7) (--«)(- 3) -4 -J 5 4 -0 i-7 


8 

0 

-! N 


All these valencies are not always exerted. Thus chlorine is usually 
univalent, for example, in hydrogen chloride, but in chlorine hept- 
oxide, C1 2 0 7 , it is heptavalent, and is here exerting its maximum 
contra -valency. 

59. The Electronic Theory of Valency.— With the advent of a 
more complete knowledge of the structure of the atom, the develop- 
ment of which has been outlined in Chapter II., came a piuch fuller 
idea of the meaning of valency. The old conception of valency as a 
number was gradually dropped, and attempts were made to find, 
in the modem theory of the structure of the atom, the reason for 
chemical combination. Valency is now regarded predominant!}' as 
a force, and not as a number. 

1 For an account of the preparation and properties of co-ordination com* 
pounds, see Ephraim, “ Inorganic Chemistry ” (Gurney Sc Jackson) ; a short 
account is given in “ inorganic and Theoretical Chemistry,” Sherwood Taylor 
Heinemann). 
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The electronic theory of valency owes its rise to the recognition 
of the existence of electrons in the atom. It was very soon suggested 
that electrons themselves were in some way responsible for chemical 
combination, and J. J. Thomson (1904) stated, as a pure speculation, 
that chemical combination was the result of a transfer of an electron 
from one atom to another. 

In 1904, Drude, as a result of studying Abegg’s “ rule of eight,” 
already mentioned, actually stated that “ Abegg’s positive valency 
number, v, whether it is a normal or contra-valency, signifies the 
number of loosely attached negative electrons in the atom : his 
negative valency number v' means that the atom has the power of 
removing v' negative electrons from other atoms, or at least of 
attaching them more firmly to itself.” 

In spite of the fact that the views then held on the structure of 
the atom differed considerably from those held at the present time, 
Drude came very near to our modern ideas. e* 

It was necessary to wait for the full development of the idea of 
the nuclear atom before any advance could be made in the electronic 
theory of valency. In particular was it necessary to arrive at the. 
concept of the atomic number (§ 34), which was done in 1913. This 
gave the number of electrons in each atom, and provided something 
to work upon in connection with valency.. 

Further developments came from two independent sources. Both 
Kossel and G. N. Lewis noted that the element which immediately 
precedes an inert gas in the Periodic Table is always strongly 
electro-negative and univalent. Thus chlorine immediately precedes 
argon, fluorine precedes neon, bromine precedes krypton, and iodine 
xenon. All these halogens are univalent and strongly electro- 
negative. Immediately following the inert gases, on the other hand, 
are always strongly electro-positive elements, and again they are 
univalent. They are, in fact, the alkali metals. These elements and 
the corresponding atomic numbers are shown in the Table below. 

The fact that the inert gases are extraordinarily stable suggests 
that they contain a stable configuration of electrons. It is clear from 
the atomic numbers (Table XXVII.) that the halogens could all 
gain this stable configuration if they could take up one electron, 
and the alkali metals could attain the same objective by giving up 
one electron. When the atoms reach the stable configuration in 
this way they become the corresponding ions. Thus, potassium, 
when it loses one electron, will have a resultant unit positive charge, 
and will, in fact, be the potassium ion, K+ (Chapter II., § 18). 
Fluorine, by gaining one electron, attains one negative charge, and 
becomes the fluorine ion, F~. Extending this to the adjacent 
groups of the Periodic Table, calcium could give up two electrons 



ELECTRONIC THEORY OF VALENCY 


159 


and attain the stable argon configuration ; sulphur in Group VI. 
could take up two electrons and also attain the stable argon con- 
figuration. The ions Oa + + and S — would thus be produced. The 
valency of the element is obviously the number of electrons which 
the atom must give up, or take up, in order to become possess d of 
a stable configuration. The electrons thus transferred are usually 
those in the outermost orbit, and are called valency electrons. 

Table XXVII. — Table showing Elements in the Neighbour- 
hood of the Inert Gases 


Group VII. 

Group 0. 

Group I. 

F (19-0) 

Ne (20-2) 

Na (22-997) 

9 

10 

11 

Cl (35-457) 

A (39-91) 

K (39-096) 

17 

18 

19 

Br (79-916) 

Kr (82-92) 

Rb (85-44) 

35 

36 

37 

I (126-932) 

Xe (130-2) 

Cs (132-81) 

53 

54 

55 


No atomic model whatever is involved in these statements. The 
only assumptions are that there are electrons in the atom ; that each 
atom differs from the one preceding or following it in the Periodic 
Table by one electron, and that some of these are held more firmly 
than others. 

When Lewis and Kossel put forward their theories, they assumed 
a static model for the atom. They looked upon the electrons as at 
rest, and stated that the stable configuration of eight was produced 
when the electrons occupied the comers of a cube. It is now known, 
however, that the electrons are in motion in certain orbits (Chapter 
in,, § 53), and that the inert gases, which have stable configurations, 


Ne 


have eight electrons in thfeir outermost energy level. Thus, the 
atomic constitutions of the inert gases &re : — 
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Helium . 

• 

• 

. 2 

Neon 

• 

• 

. 2, 8 

Argon . 

• 

9 

. 2, 8, 8 

Krypton 

• 

• 

. 2,8, 18. 8. 

Xenon . 

• 

• 

. 2, 8, 18, 18, 8 

Radon . 



. 2,8,18,32,18,8 


In every instance (except helium) the outermost level contains 
eight electrons (an octet), and this must be the number necessary to 
confer complete stability upon the atom. The other elements seek 
to attain these configurations by taking up electrons from other 
atoms that will part with them. Thus, in the formation of sodium 
chloride, the sodium atom, which has one electron above the number 
required for the stable neon configuration (its structure being 
2, 8, 1), gives up this extra electron to chlorine, which has the 
structure 2, 8, 7, and could take it up to make the stable argon 
configuration. The electron is thus transferred from one atom to 
the other. This is represented as follows : — 

M [ ; « : ] 

The dots represent the electrons of the outermost level, these being 
(as a rule) the only ones which play any part in deciding chemical 
combination. The cross represents the electron transferred from the 
sodium atom. 

In the formation of a salt, such as sodium sulphide, which contains 
a divalent radical, the sulphur requires two electrons to reach the 
stable configuration. It can get these by combining with two 
sodium atoms, which will each supply one, or by combining with one 
calcium atom, which has two available electrons in the outermost 
level, 

*[ Na ]|j ** J [ N,l ] + H + [:s ; J 

When such a salt is dissolved in water, the very weak attraction 
between the constituent parts is destroyed, and two ions are pro- 
duced. Thus, sodium chloride gives sodium and chlorine ions. These 
inns are merely the original atoms which have reached the state of 
stability by gaining or losing electrons. The electrons lost or gained 
give them their charge. Thus 
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The bond between the component ions of a metallic salt in which 
electrons have been transferred from one atom to another is called 
the electrovalent bond. Sometimes it is called a polar bond, but it is 
preferable not to use this term. The compounds are called electro- 
valent compounds. 

The electrovalent bond is very weak, even if it may be called a 
bond at all, for most crystalline salts are ionised even in the solid 
state. Two types of crystal structure are indicated by X-ray 
analysis (see p. 293) : one is typical of ionised compounds, in which 
the ions are closely packed in the crystal lattice, and the other is a 
neutral structure, much more open, found in substances like benzene, 
and ice. The X-ray examination of a substance like potassium 
chloride indicates that whilst the units in the space lattice are ions, 
the electrons are displaced from their orbits. In a certain measure 
a return to the dualism of Berzelius has been made in the conception 
of the electrovalent bond. More will be said about it later. 

60. Covalent L ink ages. — In organic, and in some* inorganic 
substances, the linkage cannot be brought about in this way, for 
there will not be enough electrons to enable transference to be made. 
Thus, it is clear that in some compounds, such as the chlorine 
molecule, transference of electrons cannot have taken place. The 
transference of an electron from one of tin* chlorine atoms to the 
other (each having seven to start with) would allow one to attain 
the stable configu ration, but would leave the other with six only. 

i • i [- ]• 

Compounds of this type, too, are quite different from those that 
we have previously considered. They do not ionise, and as a rule 
they are much more volatile. To overcome the? difficulty, it was 
supposed by Lewis that there was sharing of two electrons between 
the two atoms. In this way both could attain the stable structure. 

.* 01 ; Cl * 

Let us take another example. Carbon tetrachloride is obviously 
not at all similar to a metallic halide. It does not ionise, it does not 
dissolve in water, it is easily volatile. This is due to the fact that in 
this compound there are no unshared electrons, and only a small 
residual electric field. The electronic structure of this compound is 
given below. The electrons belonging to the chlorine are represented 
by crosses, and those to the carbon by dots, and the shared elec- 
trons are enclosed in rings. 
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* * 



Cl 


It will be seen that all the atoms have their full number of eight 
electrons, but they have only attained them by sharing electron 
with other atoms. 

A bond of this type, where one atom contributes one and the other 
also contributes one electron, is called a covalent linkage , or some- 
times a non-polar linkage. The latter term is one to be avoided. 

Covalent bonds are much stronger than electrovalent bonds, 
because the atoms are held together in some way by the shared 
electrons. In the case of the electrovalent bond, the ions are held 
together only by electrostatic forces. The electron has been given 
up, and except for some interaction of electric fields, the two atoms 
are free. According to Heitler and London, the formation of a 
covalent bond depends upon the resultant spin quantum numbers of 
the atoms (Chapter III., § 55). The sharing of electrons is, in effeot, 
a neutralisation or coupling of the electron spins in the two atoms. 

A few examples of substances formed by sharing electrons are 
given below : — 




Hydrogen chloride 
(In the gaseous state), 

: ci : 

:6i ; Pi ci: 

• • x x • • 

Phosphorus trichloride. 


H : 0 .H 

Water, 

H 

H^Crfl 

H 

Methane. 


The double bond may be represented as the sharing of four electrons, 
as in ethylene 
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and the triple bond by the sharing of six, as in acetylene: — 


H.C C ; H 


61. Co-ordinate Valency or the Semi-polar Bond. — Let us now 

consider what happens in the formation of such a compound as 
hydrofluoboric acid, HBF 4 . This is made as a result of the combina- 
tion of hydrogen fluoride, HF, with boron trifluoride, BF,. On the 
electronic theory, boron trifluoride would be 


* r x 

* h x 

•* XX 

B • F 


K 


F 


K 

M 


* X 


It is seen that the boron can still take up two electrons to make 
its stable ring of eight. The fluorine atoms are satisfied, but the 
boron is still unsatisfied. Now, hydrogen fluoride is 


x x 



and if it were permitted to share with the boron atom the two 
electrons enclosed in a ring, the latter would complete its octet. 
This is what is supposed to happen. The molecule 


H 


X X 

A X 

x r x 

• X 


XX _ 

x F 

A ■* X 
X X 


B 


p * 
“ A 

XX 


X - X 

a r x 
x x 


is thus formed ; the hydrogen ionises off, and the radical BF 4 may 
be enclosed in brackets. The hydrogen has lost its original electron, 
and so is charged positively, whilst the BF 4 ion, as a whole, has 
gained it, and therefore becomes charged negatively. 

This type of bond is different from any so far considered, for it 
involves the sharing of two electrons which have both been supplied 
by the same atom. Since this process gives a satisfactory explana- 
tion of the co-ordination compounds of Werner, the bond has been 
called the co-ordinate bond, or the semi -polar bond, the latter being 
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a term proposed by Lowry, since there is transference, and at the 
same time sharing. To save time in writing, the co-ordinate bond 

is frequently written A. — r B, or A >-B. Hvdrofluoboric acid is 

HF ►BF 3 . 

This may now be applied to other examples. It is interesting to 
s<*5 how it is that the radical X0 4 occurs so frequently in inorganic 
compounds, X being Cl, Mn, Cr, S, Se, Te, P, Si, etc. Let us take the 
formation of sulphuric acid from sulphur trioxide and water ; — 
Sulphur trioxide is 

: O : 

S : 6 : 

: 6 : 

Water ii 

H : ( ) : H 

When the two come together we have 

H : O : 

: 6 : S : 0 ; 

H : 0 : 


The hydrogen ionises offhand so we may write the* [SC 4 ] radical in 
square brackets, and the hydrogens outside. When the hydrogens 
are split off, on dissolving the acid in water, they leave the radical 
with a double negative • charge : — 



The (Cr0 4 ) - - ion is, similarly, 



1 The structure of H a S0 4 is not necessarily as shown. It is written in this 
way for convenience In showing the S0 4 group. - 
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The (Si0 4 ) ion is 

"* • • "" 

: o: 

: o 5 Si •' o : 

•• .. •• 

:o : 

— • • 

In every ease, the octet of the central atom, X, of the ion (X0 4 ) is 
complete and fully shared. This is the reason for the stability of 
these ions. It also explains the comparative rarity of ions of the 
type (X0 6 ) and (X0 6 ). Periodic acid, H 6 IO fl , is one of the few 
instances of a compound containing the (X0 8 ) ion. 

The formation of salt hydrates, or the hydration of ioas, is another 
example of co-ordination. 

Lewis gave the name “ acceptor ” to any substance that could 
take up electrons to make its ring complete. Atoms which could 
supply them were called “ donors.” 

62. The Electrovalent Bond and Ionisation.— The distinction 
between a metal and a non-metal is now shown more clearly. A 
substance is a metal, or shows metallic properties, when it can form 
positive ions, and hence when it can lose its valency electrons. A 
substance is a non-metal when it tends to take up electrons. It is 
for this reason that hydrogen shows both metallic and non-metallic 
properties. It travels to the cathode in electrolysis of acids, and 
takes the place of a metal in them, because it has given up its one 
electron. On the other hand, it can form hydrides, such as lithium 
hydride, LiH, which on electrolysis gives hydrogen at the anode. 
In LiH the hydrogen has taken up an electron to form the stable 
helium configuration, and is therefore acting as a non-metal. The 
fact that elements on the right-hand side of the Periodic Table are 
predominantly non-metallic (e.g., oxygen, chlorine, sulphur, nitro- 
gen, phosphorus, etc.), is explained because here the elements tend to 
take up electrons to attain the stable configuration of the next inert 
gas. The atoms of elements towards the left of the Table tend to 
give up electrons and attain the stable arrangement of the inert gas 
next before, and are therefore metallic in character (e.g,, sodium, 
aluminium, magnesium, calcium, etc.). A certain number of 
elements do not form ionisable compounds, or only do so with 
difficulty. These elements are in the middle of the Table. The best 
example is carbon. We may analyse into two factors the ease with 
which metals form ions. The first is the number of valency electrons. 
The higher the valency, the more difficult it will be to remove 
fuither electrons, after the first electron has been removed. In an 
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ion, there is the same nucleus as in the neutral atom, but fewer 
planetary electrons. Thus, as an electron is removed, the positive 
charge on the nucleus, which is unaltered by this process, has now 
a greater attractive effect on the remaining electrons. The more 
electrons are removed, the more firmly are the remainder held. 
r Hms it becomes increasingly difficult to remove the electrons in 
polyvalent atoms. 

*• The second factor is the atomic volume, which is governed by the 
size of the orbit of the valency electron. This will be further dis- 
oussed in §64. 

62a. Transition Elements. — The question of the valency of the 
transition elements is interesting. Table XXVIII is taken from the 
atomic structure table on p. 136. 

Starting^with argon, which has a stable arrangement, the next 
element is potassium, in which the fourth quantum group begins to 
fill up. The third quantum group, however, is capable of holding 
eighteen electrons. After calcium, it begins to fill up, and instead 
of the additional electron being added to the fourth group, as might 
be expected, it is taken into the third. This is because the nuclear 


Table XXVIII 


At. No. 

Element. 

Structure. 



Quantum -yrljups 




1 

2 

3 

4 


18 

A 

2 

8 

8 



19 

K 

2 

8 

8 

i 


20 

Cu 

2 

8 

8 

2 


21 

Sc 

2 

8 

8,1 

2 


22 

Ti 

2 

8 

8,2 

2 


23 

V 

2 

8 

8,3 

2 


24 

Cr 

2 

8 

8,5 

1 


25 

Mn 

2 

8 

8,5 

2 


26 

Fe 

2 

8 

8,6 

2 


27 

Co 

2 

8 

8,7 

2 


28 

Ni 

2 

8 

8,8 

2 


29 

Cu 

2 

8 

18 

1 


30 

Zn 

2 

8 

18 

2 



charge, which also increases by one each time an electron is added, 
has become great enough to cause the electron to come into the 
stable 3, orbit. The additional electrons now continue to enter the 
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third group up to nickel (with the exception of manganese), and here 
the nuclear charge, 28, is still insufficient to keep the last two 
electrons in the third level, and they are to be found in four th 
group. Hence nickel is divalent in its ionisable compounds. With 
copper, the nuclear charge of 29 is capable of attracting these two 
electrons into the third group, and the 18 group is filled, leaving 1 
outside. The true valency of copper is therefore 1, but the nuclear 
charge only retains the 18 group with difficulty, and chemical forces 
are able to extract another electron from the third group out into the 
fourth, thus m a kin g copper divalent in some of its compounds. In 
zinc and the higher elements in this series, up to krypton, the nuclear 
charge is capable of holding the 18 group against chemical forces, 
but similar behaviour is found later on in the Table in the next 
transition group. In this way we have an explanation of variable 
valency of the metals. Thus iron can have a valency of two or 
three, because chemical forces are capable of removing one of the 
electrons from the 18 group into the valency shell against the 
attraction of the nucleus. It is found to be more difficult to do this 
with cobalt, as the nuclear charge is greater,, and so cobaltio salts 
are rare ; and with nickel it cannot bo done at all, and no nickelie 
salts exist. Summing up, we may say that variable valency depends 
on the fact that the attraction of the nucleus for the 3 9 electrons 
is not greatly different from that for the 4 electrons, so that chemical 
forces are able to move electrons from the 3 a orbit to the 4 2 orbit, 
thus increasing the valency. 

Another interesting point connected with this variable valency is 
the colour of the ions. All the elements from titanium to copper in 
the above series have coloured ions. If an ion is coloured it means 
that it absorbs light in the visible spectrum. If this is the case, 
transitions must take place in the atom which correspond to the 
absorption of quanta of visible light, of which the energy is between 
about 40,000 and 70,000 gram-calories per gram atom. In the case 
of an ion with a completed ring, such as Ca + + (of which the structure 
is 2, 8, 8) or K + (of which the structure is again 2, 8, 8), the only 
transitions that can take place are those to a higher orbit. The 
amount of energy required for this would be considerably greater 
than 70,000 gram-calories per gram atom. Consequently these ions 
absorb in the ultra-violet (corresponding to a large quantum), and 
appear to be colourless. In the case of an ion, or atom, with an 
incomplete ring, e.g ., sodium in the molecular form (of which the 
structure is 2, 8, 1, wanting 7 to complete the 8 of the third orbit), 
it is possible for the odd electrons in the ihcomplete outer ring to 
undergo, transitions in the same energy level, e.g., from 3 S to 3 t , and 
the atom can thus absorb in the visible region. The vapour of 
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sodium actually absorbs in tho yellow. The sodium ion would ha ye 
a completed outer ring (2, 8), and consequently transitions would 
have to occur from 2 to 3, involving a g«5od deal of energy, and 
therefore absorption in the ultra-violet. In general, then, those 
atoms and ions will bo coloured which have incomplete outer rings. 
We have this in the group of transition elements we have been 
considering. When ionised, the atoms still possess an incomplete 
third ring. Thus, tho cupric ion is blue. Here the structure is 2, 8, 
17. Transitions, involving small amounts of energy, can therefore 
take place in the third orbit itself. The cuprous ion, however, is 
colourless. Its structure is 2, 8, 18. The third group is complete, 
and transitions can only take place to higher quantum-groups 
involving the absorption of large amounts of energy. 

The magnetism of tho ions of this group is also bound up with tho 
existence of the incomplete rings. The ions of the elements from 
scandium to copper are all paramagnetic (i.e., bodies containing 
these ions tend to set themselves parallel to the lines of force of the 
magnetic field ; ferromagnetism is a special case of paramagnetism. 
Diamagnetic bodies tend to set themselves perpendicular to the 
field). It is known that ions with completed groups arc diamagnetic ; 
this may be due to a balancing of the magnetic moments of the 
orbits. Ions with incomplete groups are paramagnetic, as the 
magnetic moments are unbalanced. 

The valencies of certain non-transition elements, particularly the 
B elements of Groups III., IV., V., VI. and VII., are abnormal. As 
examples, the elements thallium, lead, and bismuth, may be taken ; 
whilst mercury, although not falling in tho above groups, may be 
added, since it shows similar abnormalities. If the electronic struc- 
tures of these elements are written down (Table XXIX.), it is seen 

Table XXIX. — Structures of Hg, Tl, Pb, Bi 


Orbits. 

1-5. 

»U ^2 

80 Mercury . 

CO, 18, 

2 

81 Thallium . 

60, 18, 

2 1 

82 Lead. 

60, 18, 

2 2 

83 Bismuth . 

60, 18, 

2 3 


that the valency of mercury should be two ; of thallium, three ; 
of lead, four ; and of bismuth, five, or three if it makes up its octet. 
The valencies actually exerted are : mercury, two ; thallium, one 
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and three ; lead, two and four ; bismuth, three, four and five and, 
possibly, two. Why is this ? 

It is now known that tho first two electrons in any group, having 
the quantum numbers N lv behave differently from the rest, as they 
correspond to the l n electrons in helium. They form a subsidiary 
stable arrangement, and may be difficult to ionise, or even to share. 
They are called an “ inert pair.” 

In the instance of mercury, the mer curious ion lias been shown by 
Ogg, and others, to be [Hg 2 l + + and not [ Hg] +. In the mercury 
atom, the structure ends with two 6 n electrons, and if the theory 
of the “ inert pair ” is correct, mercury should be a comparatively 
inert element. The structure of tho mercurous ion is evidence for 
this. In this, there are two mercury atoms sharing two electrons, 
thus giving the “ ion ” two positive charges. Since the 6 n electrons 
can link together tho two mercury atoms, they form covalent rather 
than electrovalent linkages. This is shown again in the unusual 
fact that mercuric salts are, on the whole, little ionised. They are 
predominantly covalent compounds. The conductivity of a solution 
of mercuric chloride is much smaller than that of an equivalent 
solution of, say, cadmium chloride. 

With thallium, the two G n electrons and the one 6 2 electron can 
be used for covalencies, but only the 6 2 electron can bo used for 
electrovalencies. Thus, the thallous salts are ionised, but the thallio 
salts are all covalent, and do not ionise. With lead, the bivalent 
compounds, such as lead nitrate, Pb(N0 3 ) 2 , are electrovalent and 
ionised in solution, whilst tho quadrivalent compounds, such as lead 
tetrachloride, PbCl 4 , are definitely covalent. 9 

In bismuth the two 6 n electrons are similarly inert as regards 
valency, for bismuth never forms electrovalent compounds with a 
valency greater than three. Tin shows similar behaviour to lead. 
Its structure is 2, 8, 18, 18, 2, 2 ; the two 5 n electrons arc an inert 
pair. Tho quadrivalent salts of tin, such as stannic chloride, are 
covalent, whilst the bivalent salts, such as stannous chloride, are 
electrovalent. 

63. Distinction between Electrovalent and Covalent Compounds. 

It has already been noted that tho electrovalent bond is much weaker 
than the covalent bond (§60). Ionisation occurs in compounds con- 
taining the former, not only in solution, but also in the solid state. 

In an electrovalent compound there will be no definite structural 
bond, but a strong residual electric field, and so the work done in 
separating molecules will be greater than the work required to 
separate molecules in covalent compounds. This means that the 
boiling point of an ionised compound will be much higher than that of 
a covalent compound, and this is found to be so in the vast majority 
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of oases. Thus carbon tetrachloride may be compared with common 
salt. The boiling point of the former is 78° C., whilst that of the 
latter is over 1,000° C. Or, compare stannic chloride, which is a 
liquid, and potassium chloride. The first is a typically covalent 
i compound, the latter a typically electrovalent compound. 

It is found, too, that covalent compounds are soluble in normal 
solvents (see p. 274), such as benzene and ether, whereas electro- 
valent compounds are soluble in abnormal liquids like water, which 
cause ionisation. 

. Lewis pointed out that linkages always appeared to involve two 
electrons — electron pairs, he called them. It is possible, however, 
that single electron linkages can exist. One instance where the 
existence of singlet linkages has been postulated is in the hydrides 
of boron. A series of these has been investigated by Stock, and the 
hydrides are found to have the formulae corresponding to the 
hydrocarbons. The most common boron hydride has tho formula 
B*H 6 , which, by analogy with ethane, would bo expected to be 
derived from a tetmvalent atom. Boron, however, is trivalent. 
One way of explaining the existence of these compounds is to 
assume that some of the hydrogen atoms are linked to the boron by 
singlet linkages, as the following formula shows 

H H 

H r B : B ; H 

r y 

H H 

The structure of the boron hydrides is still, however, an open 
question. 

64 . Fajans 5 Rule. — When the electrical conductivities of the 
chlorides of the elements are determined in the fused or liquid state 
it is possible to classify them into two distinct classes — those which 
conduct well, and those which conduct badly. If these are put 
down with the positions of the elements in tho Periodic Table, as in 
the following table, it is seen that the ionised chlorides are sharply 
distinguished from tho non-ionised chlorides and separate^ from 
them by a line which goes step-like across the table from left to 
right. Those elements above the line obviously form covalent 
chlorides, those below it electrovalent chlorides. Anomalies are 
enclosed in dotted lines. 

Fajans 9 rule concerns the occurrence of electro- and co-valencies, 
and its connection with the position of the element in the Table. It 
states that the formation of electrovalent linkages is promoted by a 
high atomic volume (atomic weight divided by specific gravity) for 
the oation as compared with the anion, and by small ionic charges. 
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There is considerable theoretical basis for this. It is dear that the 
larger a metallic atom the less will be the attractive force for the 
outer electrons. They will not be held so strongly by the nuclear 
charge. The formation of a cation is thus helped by a large atomic 
volume, and of an anion by small atomic volume. The formation 
of multivalent anions (with the exception of complex ions, such as 
[Fe(CN) 6 ] ) is an extremely difficult matter, since every 

addition of electrons makes the nuclear attraction smaller. A 


Table XXX. — Equivalent Conductivities of Chlorides at 
the Melting Point 


Group 1. 

HCl 

<10-* 

n. 

in. 

IV, 

V, 

n. 

LiCl 

166 

BeCl, 

0086 

BCl, 

0 

CC1 I 

0 



Nad 

133 

MgOl, 

28-8 

Ain, 

1-5 x 10-« 

SiCl 4 

0 

r<-i. 

1) 


KC1 

103 

61-9 

ScCij 

15 

TiCl 4 

0 

SnCl 4 

0 

• vvi 4 

0 


RbCl 

78-2 

CsCl 

66*7 

SrClj 

55-7 

BaCl, 

64-6 

yci 3 

9-5 

LftCl 3 

29-0 

Zr(Jl 4 

V 

HfCl 4 

y 

NbClg 

2 x 10 ~ 7 * 
TaCl s 

3 x 10~ 7 * 

MoOl s 
1-Sx lo- 
WC1. 

2 x 10'** 







| 

HgOlj 

2-5 x 10- a 

i Tin, 
j< 20x10-* 

! TIiC1 4 

i 16 


UCl 4 

0'34* 


HgaCl, TiCl 

40 (approx.) 46*5 

Specific conductivity* 


simple analogy is that of a magnet picking up nails successively. 
As each one is added the attraction for more gets less. It is for this 
reason that the maximum valency for a simple anion is two, whilst 
the valency of a cation can go up to four. Summing up, the con- 
ditions tending to produce electrovalent and covalent compounds 
are as follows : — 

Electrovalent. Covalent. 


Low charge. 

Large positive ion. 
Small negative ion. 


High charge. 

Small positive “ ion.” 
Large negative “ ion.” 



172 VALENCY 

It must be mentioned that whilst Fajans* rule is very helpful, it it? 
not without exceptions. 

The alkali metals (lithium, sodium, potassium, rubidium, and 
caesium) form good examples of the application of Fajans’ rule. The 
atomic volumes of these elements are shown in the Table. 

Table XXXI. — Atomic Volumes of the Alkali Metals 

Metal Li Na K Rb Cs 

Atomic Volume 11-8 # 23-7 45*3 56-0 70-7 

The atomic volumes of the last three elements are very large. This 
means that the valency electrons have large orbits, and will be 
comparatively easily detached. The charge, of only one unit, on the 
ion, also adds to the ease of ionisation, according to Fajans* rule. 
Thus, it is very difficult for these elements to form covalent links, 
except for lithium and sodium. Hydration of salts is an indication 
of formation of a co-ordinate link, as in solvation of ions (§61). 
Accordingly, it is found that the salts of lithium are nearly all 
hydrated, and so are many of those of sodium, thus showing the 
capacity of these elements to form covalent linkages (for a co- 
ordinate linkage is merely a form of covalent linkage). The salts of 
potassium, however, are seldom hydrated, whilst it is rare to find 
hydrated salts of rubidium or crcsium. 

Beryllium, in Group II., has an atomic volume of only 4-92, and 
a charge of 2 units. It is on the limit of ionisation, as would be 
expected from Fajans* rule. Beryllium chloride is a very poor 
conductor in the fused state, though it is ionised in water. It is 
therefore covalent in the solid state, but electrovalcnt in solution. 
Magnesium has a higher atomic volume (14-0), and though still 
capable of forming complexes, its compounds are predominantly 
electrovalent, and it resembles the alkaline earth metals much more 
than beryllium docs. 

In Group III., boron is unable to form a simple cation, owing to its 
small size (atomic volume, 4-11). Aluminium, having a larger atomic 
volume than beryllium (10*2), can form a tervalent cation, though 
the high charge (3) makes it form covalent compounds readily. 
Thus, aluminium chloride is a covalent compound in the solid state. 
It will readily dissolve in normal liquids, such as benzene. 

An ion with a charge of 4 units could only exist if it were unusually 
large, and so none of the early elements in Group IV. are found to 
give electrovalent compounds. The first quadrivalent ion is found 
with tin (atomic volume 16*5) 

65. The Nature o! the Covalent Bond,— As stated in Chapter III./ 
there are two fundamental features about an electron in the atom. 
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They are the energy level in which the electron is to be found, given 
by the quantum number n, and the type of orbit in which it is 
moving, given by the quantum numbers k and jf. The energy shells 
or levels are denoted either by a number or a letter. Thus, the K 
level has quantum number n = 1, the L level has n = 2, the M 
level has n = 3, and so on. The typo of orbit, or orbital as it is 
sometimes called, is often represented by the letters s, p, d, and /, 
from the nature of tin? spectrum emitted by the excited atom when 
electrons in these orbits are involved (§ 52). The .v-orbits are 
spherically symmetrical, so that there is only one such orbit for 
any particular level. In the ease of the p-orbits, it is possible to 
have three stable ones at any one level (except the first level, where, 
of course, the 5-orbit is the only one). These three p-orbits have 



their axes mutually at right angles, and are Sometimes called the 
p x ,p y} andp z orbits. There are five passible c/-orbits, and seven /-orbits. 
The distribution of the electrons in a normal atom may be written 
shortly by making use of these letters and numbers. Thus, the 
normal nitrogen atom has the configuration l$ 2 2$ 2 2p 3 , meaning that 
there are two electrons in the 5-orbit of the first level, two 5-eloctrons 
in the second level, and 3 p-electrons in the second lovol. Actually 
the three p-electrons are arranged ono in each of the three types 
of p-orbit, and to make this clear we could write the configuration 
l6 ,2 25 2 2p JC 2p >f 2p 2 . The total of the indices must bo the number of 
electrons in the structure, i.e., the atomic number of the atom. In 
the case of nitrogen this is 7. A few other examples are apjwnded : 

argon l$ 8 25 2 2p 6 3« 2 3p 6 a total of 18 electrons, 

potassium l$ 2 2$ 2 2p 6 35 2 3p 6 4s a total of 19 electrons, 

.chlorine l5 2 2s 2 2p 6 3$ 2 3p 6 a total of 17 electrons. 

These can be checked against the figures given in the table of 
atomic configurations on p, 136. 

The number of electrons in any one orbit is limited by the Pauh 
exclusion principle (§ 55), which states that it is impossible for 
more than two electrons to exist in any one orbit. When an orbit 
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contains two electrons they must differ in some way, otherwise it 
would be impossible to distinguish between them and to f prove that 
two were actually there. The difference between the electrons in 
an orbit lies in their spin. One has a clockwise spin, the other an 
anticlockwise spin. Electrons with opposite spins are said to have 
anti-parallel spins. 

The phenomenon of magnetism is associated with electron spin. 
If an atom or molecule contains electrons with un-neutralised spins 
(t.e., if the spins of the two electrons are parallel, or if there is an 
odd electron) it is paramagnetic. Thus, we find that the free 
hydrogen atom is paramagnetic ; it contains only one 5 -electron. 
The hydrogen molecule, on the other hand, is diamagnetic. It is 
thus concluded that the formation of an electron-pair bond, or a 
covalent bond, takes place between electrons of opposite spin. 

This appears to be the necessary condition for the formation of 
a stable covalent link. For combination to occur there must be at 
least one “ free ” electron (*.«., an electron of which the spin is not 
neutralised). Those electrons which are paired in the atom (so-c&Ued 
“ restricted ” electrons) cannot enter into links with other atoms 
unless, as we shall see below, a process called hybridization takes 
place. In this connection, electrons in the three different p-orbitals, 
though they may have contrary spins, do not neutralise each other. 

Hydrogen, with one stable orbital, can form only one covalent 
bond, contrary to earlier views. In helium we have two 5-electrons, 
with necessarily anti-parallel spins because they are in the same 
orbital. This atom will therefore show no tendency to combine 
with other atoms in its normal state. If one of its electrons were 
raised to a higher level by excitation, we should have an entirely 
different state of affairs, and it might be possible to obtain com- 
pounds of helium under those conditions ; some indeed have been 
reported, though they are naturally unstable. In lithium, we have 
the configuration U 2 2s, with one unpaired electron in the 2-level. 
The valency of this atom will therefore be 1, since the 2s electrons 
in the first level have opposite spins and are not available for 
forming covalent links with other atoms. Difficulties are encoun- 
tered, however, with this simple theory as it stands, when we come 
to the element beryllium, which has the configuration 1 8*2s*. All 
its electrons are already paired and it should be inert like the inert 
gases. Similarly carbon, with the configuration ls 2 2s*2p 9 would 
only have a valency of two, as the only unpaired electrons are the 
2 p-electrons, being in different p-orbits. This is contrary to all 
chemical experience. The valency of carbon is undoubtedly four. 
In order to achieve this result it is necessary to suppose that when 
combination occurs, one s-electron is pulled out to the p-orbit, 
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giving 2s2p B . Since three electrons can be accommodated in the 
p-orbits and none of the spins are neutralised, we now have four 
free electrons, sufficient to account for the quadrivalency of oarbon. 
But this, in itself, is insufficient. A study of organic chemistry leads 
indubitably to the fact that the four carbon bonds are identical. 
They could not be if one involved an 4-electron and the others three 
p-electrons. The four orbits must therefore be made equivalent. 
Consideration of the mathematics of the problem leads to the view 
that this is not impossible, and is a process called hybridization. 
It is now necessary to see whether this process gives the correct 
stereochemical relationships. The carbon atom has tetrahedral 
symmetry, and it can be shown that the spatial direction of the 
bonds arrived at by the process of hybridization agrees with this, 
although it must be admitted that an alternative configuration with 
three orbits directed towards the apices of an equilateral triangle, 
and a fourth, weaker in bonding strength, at right angles to the 
triangle, is also a possibility from the theory. 

This hybridization process may be supposed to occur in beryllium, 
the 28* electrons becoming 2s2p. Those two electrons in the L-level 
mar now have the same spins, and both will be available for the 
formation of covalent links, the beryllium atom being thus divalent. 
Similar treatment of other atoms, which in the free, normal state 
have electrons with paired spins, leads to results in agreement with 
the chemical and stereochemical facts. 

It will be noted that in the quantum method of treatment, the 
idea of the stable octet of electrons loses its significance. The 
importance of this will be seen later (§67). 

In the above we have referred to the term “orbit”. It is necessary 
to remember, however, that in fact we cannot state just where an 
electron is, though we can say that it is very probable that it is 
to be found in a given element of volume. The “orbits” are there- 
fore not lines which the electrons tra- 
verse, they are rather surfaces enclosing 
volumes in which the electron is very 
likely to be found. As stated above the 
4 -orbit is a sphere, while the three p- 
orbits are dumb-bell shaped. When two 
atoms combine to form a molecule, the 
electrons forming the link now move 
round both nuclei. In the simplest ease, 
that of the hydrogen molecule, the electrons in the single hydrogen 
atoms are in the 4-orbit. In the formation of the molecule, these 
orbits overlap, and combine to form one which contains both nuclei, 
and is sausage-shaped. To take another simple ease, that of hydrogen 

G* 



Fig. 47b. 
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chloride. The hydrogen atom has an electron in the *-orbit. The 
valency electrons of chlorine are in the p- orbit. There is overlapping 
of the orbits, and the resulting bicentric orbit is as shown in Fig. 47b. 

It is impossible here to enter into a fuller account of the quantum 
theory of valency. Although much work has already been done on this 
method of attacking the problem, there are still many difficulties to 
be cleared away. This is largely due to the mathematical difficulties 
associated with the solution of the wave-equations for complicated 
atoms. At present a good deal of the work is in the qualitative stage. 

66. Resonance* — It has been stated that the formation of a bond 
results from the overlapping of the valency orbits, the electrons 
taking part in the bond having opposing spins. It is usually easy 
to see which atoms will take part in this sharing and overlapping, 
but there are cases where there are possible alternatives. Consider 
the benzene molecule, C 6 H 6 . This is a plane, hexagonal molecule, 
and each carbon atom is linked to one hydrogen atom. When this 
has been done, each carbon atom still has one electron in a p- orbit, 




Fig. 47c. 



as shown in Fig. 47c (i.). Now it is impossible to say wiiother the 
p-clectron of carbon atom 1 will overlap with that of 2, or with 
that of 6, so there are two possible ways in which the overlapping 
could take place throughout the ring, these two ways being repre- 
sented by (ii.) and (iii.) in Fig. 47c. This means that benzene should 
behave as if the doublo bonds were partly in one position and partly 
in the other. 

The problem of what to do with the double bonds in the benzene 
molecule has always been a difficult one. Kekule assumed that the 
bonds alternated, being first in one position and then in the other. 
The quantum-mechanical theory would say that the double bonds 
are actually in neither position, but that the substance acts as if 
they were partly in one and partly in the other. 

Where this state of affairs occurs, the phenomenon is called 
quantum-mechanical resonance. This term “ resonance ” is used 
because the whole conception is the outcome of the wave-theory 
of the electron, and the equations are similar to those governing 
resonance in classical mechanics. There is actually a close analogy 
with the mechanical system comprising two pendulums vibrating 
in resonance, and in agreement with the principles of mechanics, 
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it has been shown that the resonating structure has a smaller in- 
herent energy than any of the structures ta king part in the resonance. 

We may define quantum-mechanical resonance as follows : When 
the electrons in a molecule may be paired together in two or more 
different ways which differ only slightly in energy content, the actual 
molecule does not behave as if it possessed any one of the structures, 
but is a resonance hybrid of them all, showing simultaneously 
properties characteristic of each separate structure. 

In the case of benzene, the theory of resonance has been con- 
firmed by determining the distance between the carbon atoms. On 
the alternation theory* of Kekulc, the bond should vary in length 
from 1.54 A (the length of the single C — C link) to 1.34 A (the length 
of the double bond C = C). According to the resonance theory the 
length should bo intermediate between the two. X-Ray determina- 
tions actually give it as 1.39 A. 

As a further example we may take the nitrous oxide molecule. Ex- 
periment shows that this molecule is linear, with the oxygen atom at 
the end of the line. There are two likely structures which fulfil this 

— 4 - + “ 

condition, N = N = 0 and N ss: N - O, the + and - signs 
indicating the polarity of the molecule. These two structures can 
be shown to differ only a little in energy, ami have the necessary 
conditions for resonance. It is believed then that nitrous oxide is 
not actually represented by either structure. That this is true 
is clear from experiment, which indicates that the molecule does 
not possess a large dipole moment, as it would have if it were 
markedly polar as required by either of the above structures. 

It should bo emphasised that nitrous oxide is not a tautomeric 
mixture of molecules with these two structures. Statistically, the real 
structure is something intermediate between the two, which cannot, 
in fact, be represented by the conventional diagrams. The stability 
of nitrous oxide is to bo ascribed to the fact that the energy of the 
resonating system is less than that of either structure separately. 

The structure of carbon dioxide is somewhat similar to that of 
nitrous oxide. Hero the resonating structures are 0 -- C = 0, 

0+ == c - O' - c == 0 + 

The theory of resonance applies equally well to polar and non-polar 
structures as to two polar structures. Thus, hydrogen chloride can be 
represented both as a covalent and an electrovalent compound : 

H ? Cl : and H* ; Cl : 

It is supposed that there is resonance between the two structures, 
so that the molecule is neither completely polar nor completely ionic. 
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The theory has been applied to a large number of chemical 
problems with success. 

66a. The Hydrogen Bond. — Hydrogen behaves in a peculiar way 
in a number of compounds, and was at one time thought to bo capable 
of forming a stable ring of four electrons. This is now known to be 
impossible, but the theory of resonance has explained how hydrogen 
can be attracted towards certain other atoms fairly strongly, so that 
it may be supposed to act as a bond or bridge between them. 

Experiment shows that water is associated. At ordinary tempera- 
tures the molecule consists of aggregates of three simple H 2 0 mole- 
cules. This simple molecule is represented on the electronic theory as 

H ? 0 ? H or H - 0 - H. 

The hydrogen can form a “ hydrogen bond ” with the oxygen atom 
of another H a O molecule, thus 

H 

H - O - H • * • • O 


i 

H 

This may go on with the “ addition ” of another molecule of H a O. 

As far as theory is concerned, it is evident that this adding of 
H 2 0 molecules could go on indefinitely. It comes to a stop, however, 
when the thermal vibrations of the molecule become large enough 
to prevent it. At ordinary temperatures, then, the aggregate con- 
tains, as a rule, three simple molecules, and as the temperature is 
raised the proportion of dimeric molecules increases, and that of 
trimerio molecules decreases. The degree of association of water at 
different temperatures is given in the table in § 117. 

Hydrogen fluoride is also associated for a similar reason. 

H-F H-F H F. 

Hydrogen bonding occurs in the carboxylic acids, 

y'O*. 

CH j - Cf \ 

X 0-H 


and accounts for the fact that the carbonyl group, C =* 0, has 
different properties in these acids, from those which it possesses 
in the aldehydes and ketones. 

The hydrogen bond may be considered as a case of resonance, 
the hydrogen atom forming the bridge being first nearer the one 
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atom and then the other between which the bridge exists : 
R:H : R 1 ^ R : H : R 1 

67. The Validity o! the Octet Rule. — The octet rule is found to 
hold for many elements at the commencement of the Periodic Table, 
e.y., in the lighter elements, the number of electrons which can exist 
in the valency level is limited to eight. But proceeding down the 
series,' it is found that if the idea that sharing always takes place with 
pairs of electrons is to be retained, it is necessary to expand the 
valency group. Thus, if phosphorus pentachloride is written as a 
covalent compound, as it really is, the structure 


/fa . 


:ci : 


• • x p 
•• • 

•Cl / • 


x Cl •> 

• • • 

K *• 

• a. 


is obtained, in which the phosphorus is surrounded by ten electrons. 
In the case of sulphur hexafluoride, SF a , it is necessary to have 
twelve electrons in the valency level, if sharing is to take plaoe 
between pairs. 


F • 


• • 

• * ^ * F V 


'••■s 

• F *". X # I 

. F • • • 


This increase in the number of electrons available for sharing is 
explained by the process of hybridization referred to above. The 
maximum number of these electrons will clearly depend on the 
number of stable orbitals present in the structure of the atom, and 
will increase as the periodic table is ascended. 

The number of covalencies that the elements can have as a 
maximum is given in the Table below : — 


Table XXXH 


Max. Number of 
Covalencies. 


Hydrogen . . 1 

Lithium to fluorine 4 

Sodium to yttrium . 6 

Zirconium to uranium 8 1 


* With possibly 10 in the heavier elements. 
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The formation of many complex ions demands an inoreaee in the 
number of electrons in the valency ring if electron sharing always 
takes place in pairs. Thus, consider the formation of the ferro- 
cyanide ion [Fc(CN) 6 ] . The iron has two electrons of its own 

represented by crosses. The cyanide group has one valency electron 
represented by a dot. The first two cyanide groups to be taken up 
may be supposed to share their electrons with those of the iron. 
Four other cyanide groups are taken up, and in order to supply the 
other electrons to make pairs, four must be added from outside 
represented by circles), e.gr., from four alkali metal ions. These 
make the ion quadrivalent. 


CN 

°Vf x > 

CNOx c .o C N 


n J 


The iron atom is now surrounded by twelve electrons. 

By means of the theory that covalency can be increased to a 
certain maximum for different elements it has been possible to 
explain numerous otherwise seemingly inexplicable reactions of 
inorganic chemistry. As an example, the action of water on the 
non-metallic halides may be taken. Carbon tetrachloride is not 
affected by water. This is because the maximum number of elec- 
trons that the carbon atom can provide in its valency group is 8, 
and this number has already been reached by the more addition 
of the chlorine : — 



: Cl : C : Cl : 

”:C1:” 

•• 


The carbon therefore cannot act as an acceptor or donor, and 
water or alkali has no action upon the compound. Considering 
sulphur hexafluoride, SF 6 , a similar behaviour is found (see formula 
above). The eovalency maximum for sulphur is 6, and so it can 
have twelve electrons in its valency level. These are already present 
in sulphur hexafluoride, and so no reaction between this compound 
and water will be expected. 

Silicon tetrachloride acts differently. When acted upon by water, 
hydrogen chloride is evolved, and siliea is left. Silicon tetra- 
chloride may be represented as 



ACTION OF WATER ON HALIDES 


180 a 



From this compound hydrogen chloride splits off, and silica, 
0=SiM), is left. 

The theory thus provides a good explanation of why carbon 
tetrachloride is unaffected by water, whilst its analogue, silicon 
tetrachloride, is decomposed by it. 

Compounds like nitrogen trichloride, NC1 3 , and chlorine monoxide 
C1 2 0, behave in a different way as regards hydrolysis. Instead of 
hydrogen chloride being split off, hypochlorous acid, HOC1, is 
removed. In nitrogen trichloride, the octet of the nitrogen cannot 
expand, but it has a pair of electrons available for sharing (called 
by Lewis a “ lone pair ”). It therefore co-ordinates as a donor with 
water, whereas silicon tetrachloride co-ordinated with it as an 
acceptor. The hydroxyl group now comes away with chlorine as 
hypochlorous acid. 


:a: 


:ci: n : h !: o : h 


:a; 


There are many other points that can be well explained by 
the electronic theory. Thus, Lewis pointed out that many ele- 
ments in the second short period of the table differ from those 
in the first, in providing compounds which tend strongly to 
polymerise. Thus, carbon in the first group forms carbon dioxide 
and carbonic acid. Compare these with silica and silicic acid. The 
former show no tendency # to polymerisation, whereas silicic acid 
can easily be obtained as a gel of high molecular weight (Chapter 
XVII.). Then again the molecules of oxygen and of nitrogen are 
0 2 and N 2 , whereas those of the members of the second short period 
are S 8 and P 4 . These facts are readily explained on the theory of 
covalency maximum. The carbon in carbon dioxide is fully 
satisfied, and the ring cannot expand, but silicon can have a ring of 
twelve electrons, and this is not attained in silica. Hence co- 
ordination can occur, and associated molecules are formed (of. the 
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association of water). The large molecules of sulphur and phos- 
phorus are similarly explained. 

The stability of carbon chains compared with those of silicon 
receives an explanation if the covalency maximum theory is 
accepted. Saturated carbon chains, such as — CH 2 — CH 2 — are not 
attacked by water, whereas the corresponding chains of silicon are, 
with the entrance of oxygen into the chain. Thus 


— Si — Si — +H 2 0 « — Si — 0 — Si— -f H, 


This is due to the fact that silicon, in view of the possible expansion 
of its valency group, can act as an acceptor. 

68. Chelate Compounds. — There are some peculiar metallo- 
organic compounds, in which there is internal co-ordination, which 
receive satisfactory explanation in terms of the electronic theory of 
valency. These compounds are called chelate compounds. In them 
a metal atom which might be expected to form an ion docs not do 
so, but co-ordinates with another atom, usually ogygen. The 
metallic derivatives of the diketones fall into this class. The 
beryllium compound of acetylacetone CH 3 .C(OH) : CH.CO.CH s , 
may be represented as follows : — 


CH 3 — C— 0 0 — C — CH g 

/ \ / \ 

CH Be CH 

\ / \ / 

CH S — C=0 0=C— CH, 


Hie beryllium has its octet satisfied, and the compound is 
covalent. 

A similar chelate group is probably present in Fehling’s solution. 
This solution is prepared by adding a solution containing sodium 
hydroxide and sodium potassium tartrate to one of copper sulphate. 
In the absence of the tartrate the addition of the sodium hydroxide 
would precipitate copper hydroxide. With the tartrate, however, 
a deep blue solution is obtained, containing a complex copper ion 
which probably has the structure 
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SUMMARY 

Development of the Theory of Valency . — The first theory of v&lenoy 
(the dualistic theory) was propounded by Berzelius, who supposed that 
the atom possessed an electrical charge, of which the sign varied with 
the nature of the element. Combination occurred when oppositely 
charged atoms came into contact, and resulted in the partial neutralisa- 
tion of the charges. Oxygen and chlorine were negatively charged, 
whilst hydrogen and the metals were positively charged. Dumas 
showed that the substitution of chlorine for hydrogen in acetic acid, to 
produce chloracetic acid, did not greatly modify the properties of the 
acid. He therefore concluded that hydrogen and chlorine were not 
sufficiently dissimilar to warrant their possession of opposite electrical 
charges. Instead of the dualistic theory, he proposed a theory of types, 
which was later improved by Gerhard t. All compounds could be 
formulated by substituting elements or radicals for hydrogen in the 
four types. 


H] 

H \o 

HI 

hi 

H f N 

H/° 

HI 

Cl/ 

Hi 




te which KekuJ4 added 

a fifth. 




H 



H 


Williamson used the idea of mixed types. 

Frankland believed that elements could combine with others until 
“saturated.” Every element had a saturation value, or valency, 
defined as the number of atoms of another element or radical which 
could combine with one atom of the original element. 

From this developed the theory of valency which stated that the 
valency of an element was the number of atoms of hydrogen with which 
one atom of the element could combine. This is also equal to the 
atomic weight of the element divided by the equivalent. 

In order to explain molecular compounds, such as potassium ferro- 
oyanide, K 4 [Fg(CN) 6 ], Werner assumed that elements could combine 
with a certain number of atoms or groups, irrespective of their valency. 
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This number was usually 0 or 4, and was called the co-ordination number- 
By his theory he was able to explain the isomerism of co-ordination 
compounds, and the electric charge on their constituent parts. 

The electronic theory of valency arose from the application of the 
quantum theory of the structure of the atom to the problem of chemical 
combination. Combination takes place: (1) by the transfer of an 
electron from the orbit of ono atom to that of another. This is called 
an olectrovalent linkage, and the compound formed is ionised, e.g., as 
in sodium chloride. 



(2) By sharing of two electrons between two atoms, e.g., as in the 
chlorine molecule. 


:cucl; 

■' KM 

This is called a covalent linkage, and is not ionisable. (3) By one 
atom supplying two electrons which are shared between the two atoms. 
This is called a co-ordinate linkage, or a semipolar bond, e.g., as in 
sulphuric acid. 


H : O : 

s 6 : > S : 6 l 

H : 0 : ” 

In the simplost case, each atom has a completed ring of eight electrons 
(an octet) after combination, but it has been found necessary to increase 
this ring for the heavier elements. The maximum number of electrons 
which can appear in the valency level of different elements is H, 4; 
Li - F, 8; Na - Y, 12; Zr - U, 16. 

Fajan’s rulo states that the formation of electrovalent linkages is pro- 
moted by a high atomic volume for the cation as compared with the 
anion, and by small ionic charges. Electrovalent compounds may be 
distinguished from covalent compounds by (1) their ionisation, (2) their 
much smaller volatility, (3) their solubility in ionising solvents (e.g., 
water) and insolubility in non-ionising solvents (e.g., benzene). 
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QUESTIONS 

(1) Discuss the statement that “ the valency is the quotient of the 
atomic weight by the equivalent.** 

(2) Trace the development of the theory of valency. 

(3) What do you understand by electro valency, covaloncy, semi-polar 
linkages ? Give examples of compounds in which these linkages 
occur. 

(4) What are the main differences between electrovalent and covalent 
compounds ? Explain them as far as possible. 

(5) Give an account of the action of water on the halides. 

(6) What is meant by “ chelate compounds ** ? Give examples. 

(7) Why is it that the radical (X0 4 ) is of such frequent occurrence 
in inorganic compounds ? Show why it possesses special stability. 

(8) Discuss the circumstances which gave rise to the theory of the 
oovalency maximum. Is it possible to put forward any alternative T 

(9) Explain the occurrence of association in water T By what means 
would you show that water was associated ? (See Chapter VI.) 

(10) What are the characteristics of an ionising solvent T Discuss 

the solubility of substances in water and in other advents, classifying 
substances according to their nature and the type of solvent wliicl 
dissolves them $ 210.) 



CHAPTER V 
GASES 

69. The Nature of Gases.— There is no clear dividiiig line between 
the solid and liquid state, or between the liquid and gaseous state. 
It is difficult to say where the one state ends and the other begins. 
Assuming that matter is made up of molecules, it is possible to say 
that in a gas the molecules have much greater freedom of motion 
than in either the solid or liquid state. They can move about much 
more easily, and can traverse greater distances without coming into 
collision with other molecules. This must be the case because of 
the pressure-volume relationships of a gas. When the pressure on a 
gas is doubled, the volume of the gas is reduced to one-half its 
previous value. Since this is possible, there must be a great deal 
of empty space in a gas. When the pressure on a liquid is doubled 
there is hardly any effect on the volume, and the same applies to a 
solid. In these states, then, the molecules must be much closer 
together than in a gas. As mentioned above, it cannot be too 
strongly emphasised that the three states of matter are continuous. 

A gas may be defined as a substance which remains homogeneous, 
and of which the volume increases without limit, when the pressure 
on it is continuously reduced, the temperature being maintained 
constant. 

The properties of a gas can be studied theoretically by making 
use of the kinetic theory of gases. In using this theory it must be 
remembered that certain assumptions are made which cannot be 
regarded as strictly correct. The theory was put forward before 
the structure of matter was understood, but nevertheless it has been 
extremely useful in explaining the properties of gases, and giving 
quantitative expressions of their behaviour. 

^0. The Kinetio Theory of Gases, and its Assumptions. — The 
kinetio theory assumes that a gas is made up of partioles (the 
molecules of the atomic theory), which are moving about with 
random motion. The course of any particular molecule is deter- 
mined entirely by probability. The molecule is supposed to he 
solid, spherical, and perfectly elastic. These assumptions are made 
principally to bring the calculations within the compass of ordinary 
mathematical processes. If they were not made it is doubtful 
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whether it would be possible to calculate anything about gases. It 
is now known, of course, that the molecule is not solid, or spherical, 
but that it is made up merely of a number of electric charges, 
themselves in motion, but not in disordered motion. It is important 
to realise, however, that the electric held associated with a molecule 
according to our present views, may act in such a way that the 
molecule behaves as if it were solid to other molecules ; for when 
the molecule approaches another, the two fields of foroe interact 
and there is a force of repulsion, just as if two solid balls had collided. 

According to the theory, the pressure exerted by a gas is due to 
the bombardment of the walls of the containing vessel by the 
molecules. ( Whenever a collision with the walls takes place a certain 
amount of momentum is given up to the walls, and this change of 
momentum, of course, is associated with a force (p. 184). Obviously, 
the collisions between molecules themselves, and between the 
molecules and the walls will be greater in number when the volume 
is decreased, for then there is less room for motion. Thus, the 
pressure is increased. The av erage distance traversed by a molecule 
between o ne collision and the next is called the “ mwnr free path” 

Heat is a form of energy, and when a gas is heated energy is 
imparted to it. It has been shown by studying the Brownian 
movement in gases (Bee Colloids, Chapter XVII.) that the mean 
kinetic energy of the molecules of a perfect gas ( § 72) depends only 
on the temperature, and not on the nature of the gas. This is of 
importance in studying the effect of temperature on pressure and 
volume of a gas. 

With the aid of the assumptions made above, which must always 
be borne in mind, a number of laws governing the behaviour of 
gases can be derived. 

4(71. Boyle’s Law. — In order to carry out any calculations it is 
necessary first to realise that in a gas there is a great number of 
molecules, moving about with random motion, and with widely 
varying velocities. It would, of course, be impossible to work with 
conditions of this kind, so it is necessary to take an average value 
for the velocity. The ordinary average is not taken, but the 
molecules are given a velocity u, which, if they all possessed it, 
would make the value of the total kinetic energy, \mnu 2 , actually 
what it is. In this expression m is the mass of one molecule, and n 
the number of molecules. This velocity u, is such that its square 
is equal to the mean of the squares of all the velocities possessed by 
the molecules, and is called the r oot-mean-square velocity . 

Even now, we have to contend with the fact that the actual 
direction of motion of each molecule is not known ; but use can be 
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made of the fact that everj Telocity can be resolved into three 
velocities at right angles, governed by the relationship, 
u* u* + u * + u * 9 

where u xf u yi u t , are the three components, parallel respectively to 
the x , y and z axes (Fig. 48). 

Now, consider a cube (Fig. 49) of side /, containing n molecules, 
each of mass m. The root-mean-square velocity of the molecules 
is u . Now, from Newton's Laws of Motion, 

P = m/, 

where P is the force, m the mass, and / the acceleration. Now 

J dt dt dt 

Hence force is measured by rate of change of momentum. Con- 




sider one molecule in the cube. It has a root mean square velocity 
u, which can be resolved into three components mutually at right 
angles, and parallel to the odgeo of the cube, u xt u ki u r Consider the 
velocity u x . The molecule may be supposed to be moving towards 
the right-hand wall. It possesses momentum mu % when it reaches 
it, and since it is perfectly elastic, and the walls of the vessel are 
supposed to bo so too, it rebounds with velocity — u x , and momentum 
— mu x . 

u 

The change in momentum is 2 mu x . This occurs -y times per 


second. Hence the change in momentum for this particular com- 
ponent is — per second. 


Considering now the u y component, we have, as before, the change 
of momentum per second = %mu y % 

~r m 
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Similarly for the ft, component. Hence the total change oi 
momentum per second for all three components is 
2 mu* , 2 mu* , 2 mu* 2 mu 9 
— l 


and, according to the statement above, this is equal to the total 
force over the surface of the cube. 

Hence, force per unit area, t.e., the pressure exerted by each 
molecule is given by 

2 mu % 

p cF‘ 


For the total n molecules contained in the cube, the pressure is 
_ 2 mnu* 1 mnu 8 
p w ” 3 ~W~‘ 

If t> is the volume of the cube, v = Z 3 , and 

pv = | mnu® (1) 


At a given temperature, all the quantities on the right-hand side 
of this equation are constant.. Hence pv = constant. 

Thus is Boyle’s Law, which has been proved theoretically, by 
making the assumptions of the kinetic theory. Boyle’s Law, how- 
ever, is not followed perfectly by any gas. Since the theory indi- 
cates that it should be true, it is obvious that something is wrong with 
the theory. This inaccuracy is to ho found in the assumptions 
made, and will be dealt with later (§§ 80, 81). 

72. Gay-Lussac’s or Charles’s Law. — It has been proved experi- 
mentally that the mean kinetic energy of the molecules of all gases 
is the same at the same temperature. This conclusion is also 
reached theoretically. Since no particular temperature need be 
specified, it follows that the rate of change of the kinetic energy 
with temperature is the same for all gases. Expressed mathe- 
matically, 

(S) 


Equation (1) may be written 

pv = § n(hnu l ) 9 

which on differentiation with respect to T gives 


Substituting from equation (2), we have 
d(pv) 

IF 


‘ n X const. + const 


dn 

dT 
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If n to constant with respect to T — and this is true except for gases 
ox which the molecular complexity varies with temperature — 


d(pv) 
' dT 


const. 


In other words, the rate of change of the product of pressure and 
volume with the absolute temperature is constant ; or, if pressure 
is constant, the rate of change of volume with absolute temperature 
is constant. This is Charles’s Law. sometimes known as Gay- 
Lussac’s Law. 

% 78. Avogadro’s Hypothesis. — We can write equation (1) in the 
form 

« 3 ff 

ns= 2 (irrm 2 )' 


Hence, if p 9 v and \mu 1 are constant, then n must be constant for 
all gases. 

Thus Avogadro’s Hypothesis, which states that equal volumes 
(v constant) of gases, under the same conditions of temperature 
(\mu l constant) and pressure (p constant), contain the same number 
of moleoules, has a theoretical basis in the kinetic theory. Since 
the assumptions of the kinetic theory are not strictly accurate, 
Avogadro’s Hypothesis is not strictly true. The method of employ- 
ing it in the determination of molecular weights from gaseous 
densities will be discussed later (§ 82). 

74. Graham’s Law of Diffusion. — Graham found that a light gas 
would diffuse through a porous diaphragm more rapidly than a 
heavy gas, and also found the quantitative law governing the 
diffusion, which states that the rate of diffusion of a gas is inversely 
proportional to the square root of its density. This law can be 
shown to be justified on the basis of the kinetic theory. 

W© can rewrite equation (1) in the form 


Now, the density of a gas = — = d (say). 
Thus 



The reason why the light gas diffuses more rapidly through a 
porous diaphragm than the heavy gas has nothing to do with the 
size of the molecules as such. The pore of the diaphragm to, in any 
case, considerably larger in diameter than the largest molecule, and 
molecules, of whatever size, would find no difficulty in getting 
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through. If the pore is magnified to the size of a railway tunnel, 
the large and small molecules might be represented by a bird and a 
bee respectively. Neither would have difficulty in traversing the 
tunnel. 

The diffusion of the molecules of a gas through a porous membrane 
will depend upon the velocity of the molecules, and will be directly 
proportional to this. Hence, 



where k and k x are constants. This accounts for Graham’s Law of 
Diffusion. 

Molecular Velocities. — It is clear that equation (3) can be used 
directly for calculating the velocity of a molecule of any given gas. 
Of course, the value obtained will be the root-mean-square velocity, 
and not necessarily the velocity of any particular particle. It is 
interesting to calculate some of these velocities in order to gain an 
idea of the rate at which molecules move in gases. To do this, it 
must be remembered that if the velocities are to be found in c.g.s.u., 
i.e., in cm. per sec., the pressure and density ipust also be expressed 
in c.g.s.u. 

To calculate (he root mean square velocity of the molecules of hydrogen 
at atmospheric pressure. 

d = 0-00009 gm. per c.o. 
p — 76 x 13-59 X 981 dynes per sq. cm. 




76 X 13-59 X 981 
000009 


= 183,800 cms. per sec. 
or 1,838 m. per sec. 
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combination of the laws of Boyle and Charles, a general gas equation 
is arrived at of the form 

pv s= JcT , 

where k is a constant for the gas, and the other symbols have their 
usual significance ; k , of course, will vary with the amount of gas 
considered. One gram-molecule of all gases under the same condi- 
tions of temperature and pressure occupies the same volume, so the 
value of k will be the same for all gases if, in every instance, one 
gram-moleculo of the gas is considered. When this is done, k is 
replaced by R, and the universal gas equation becomes 

pv = RT 

R may now be calculated. The value of R will vary according to 
the system of units used. If p is expressed in atmospheres, and v in 
litres, we obtain, as the calculation below shows, the value 0*08204 
litre-atmospheres per degree. 

p = 1 atmos., v = 22*4 litres, T = 273° Abs. 

,\ R = pvfT = 22-4/273 = 0-08204 litre-atmos. per degree. 

If, however, p is expressed in dynes per sq. cm., and v in c.c., we 
obtain the value 8*3162 X 10 7 ergs per degree, or 8-3162 joules per 
degree 1 for R. This is derived as follows : — 

p s 76 x 13*59 X 981 dynes per sq. cm., v = 22,400 c.c., 

T = 273° Abs. 


R = pvjT 


76 X 13*59 X 981 X 22,400 
273 


= 8-3162 X 10 7 ergs per degree 
= 8*3162 joules per degree. 

Since 4*184 x 10 7 ergs = 1 gm. -calorie, R = 1-987 gm.-cals. per* 
degree, or nearly 2 gm.-cals. per degree. The last is the value 
most frequently used in calculations. 

J^-^77. The Specific Heats of Gases . — The specific heat of a substance 
is the rdlid of the amount of heat required to raise the temperature of 
1 gm. of it through 1 0 C., to that required to raise the temperature of 
1 gm. of water through the same temperature range * 

It is a well-known fact that a substance has two specific heats, 
one measured at constant pressure, and one at constant volume. 
For a solid or a liquid the difference between the two is usually 


1 Note on Units . — The dyne is the force which, acting on 1 gm., produces an 
acceleration of 1 cm. per sec. per sec. The erg is the amount of work done when 
a body, acted upon by a force of one dyne, moves through a distance of 1 cm. 
in the direction of the force. One joule equals 10* ergs. The gratn-calorie 
is the amount of heat required to raise the temperature of 1 gm. of water 
by 1° C. Observations of the mechanical equivalent of heat show that 
I gram-calorie is equivalent to 4*184 X 10 7 ergs. 
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negligible, since the effect of heat on the volume is small. But, in 
the case of a gas, the expansion which takes place on heating is 
large, and consequently the two values of the specific heat are 
widely different. It is our purpose to calculate the ratio of the two 
specific heats for gases. 

The kinetic energy of a gas molecule is proportional to its absolute 
temperature. From the equations 

pv = RT 

and pv = 1/3 mnu f , 

it is clear that the kinetic energy per gram-molecule of a gas 
( \mnu 2 ) is 3/2 RT . 

Thus, when a gram-molecule of a gas is heated from a temperaturo 
T to a temperature T + 1, the increase in kinetic energy is 3/2 R = 
3 gm.-cals. 

Thus, the molecular heat of a gas at constant volume is 3 gm.-cals., 
the definition of molecular heat being the amount of heat required to 
raise the temperature of one gram-molecule of a substance through 
1° G . Note that this applies to any gas , and consequently the 
molecular heat of all gases at constant' 
volume should be the Bamc and equal to 3 Const Pressure 
gm.-cals. “fy 

But all the energy imparted to a gas is not 
taken up in the form of kinetic energy, and I * r " 
hence all does not result in a rise in tempera- 
ture. In the case of diatomic and poly- Const, piston Forced 
atomic molecules there are many other modes ^ 

of distributing the energy besides simply as 
energy of translation. Some of the energy may be used in causing 
rotation or vibration. Thus, in raising the temperature of a gas of 
which the molecule is complex through the same temperature range 
as a simple gas, more energy will have to be imparted, and the 
molecular heat of the gas at constant volume will then be 3 + x 
gm.-cals., where x is an unknown increase in the energy and varies 
from gas to gas. 

If the specific heat of a gas is measured at constant pressure 
instead of at constant volume, a different value will be found. 
Suppose 1 gm. of gas is heated from 0° C. to 1° C., the volume being 
kept constant. The amount of heat imparted is the specific heat of 
the gas at constant volume. The operation may be supposed to 
take place in & vessel closed by a piston, the piston being kept 
fixed (Fig. 60). 

If now, in this apparatus, there is 1 gm. of gas at 0° C., and it is 
heated to 1° 0. 9 the piston being free, the piston will be forced out 
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against the pressure of the atmosphere. The amount of heat 
imparted is the specific heat of the gas at constant pressure. In 
this case, the gas has done a certain amount of external work. 
It has pushed out the piston. The energy required to do this 
must come from the heat imparted, as there is no other source. 
The heat taken up by the gas at constant pressure is used partly to 
raise the temperature of the gas, and partly to provide the energy 
for the external work done. Therefore, to raise the temperature of 
the gas through 1°C. at constant pressure more heat must be 
applied than to bring about the same increase in temperature at 
constant volume, because part of the heat is, in the first instance, 
used in the performance of external work. The amount of the 
work done and heat used may be calculated. 

Suppose we have a volume of gas v x and it expands to a volume v 3 
at constant pressure p. Consider a small volume change dv. The 
work done will be pdv. The total work done over the whole 
volume change will be given by integrating pdv between the limits 
v x and v 2 . 

f*. 

I pdv =s p(v 2 — v x ) — pressure X change in volume. 

” = R(T t -T 1 ) = R (for T t — T t =± 1) 

= 2 gm.-cals. 

The molecular heat at constant pressure is therefore greater tiian 
that at constant volume by 2 gm.-cals. Hence, 

C " = R - 

If the molecular heat at constant volume is 3 + x gm.-cals., that 
at constant pressure will be 5 + x gm.-cals., and the ratio of the 
specific heats will be (5 + x)/(3 + x). The symbols for specific 
hoats at constant pressure and constant volume are C 9 and C 9 , and 
for their ratio, y. Thus 

r = C pI°v = (5 + *)/(3 + *). 

If * - 0, CJ0 9 = 5/3 = 1*667. 

This result may be expected only in the case of very simple 

z f 

(a) Rotation. (6) Vibration. 

molecules, and It is actually found for monatomic gases and vapours. 
Thu, the ratio of the specifio heats of the inert gases is 1*67. the 
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molecule becomes more complex, so the value of x increases. When 
we have a diatomio molecule, there is a possibility of a rotational 
and a vibrational motion, as well as direct translation. 

For most diatomic gases, it is found that x = 2, in which case, 
C P IC 9 - 7/5 = 1-40. 

For triatomic gases, * = 3, and hence C p /C 9 = 8/6 «= 1*33, 

The following table will indicate how closely the ratio of the 
specific heats approximates to one or other of these numbers. 

Table XXXIV. — Ratio of Specific Heats of Gases at 15° C. 


Helium . 


e 



1-666 

Argon . 


• 



1-67 

Hydrogen 





1-408 

Oxygen 





1-396 

Nitrogen 





1-405 

Air 





1-403 

Carbon monoxide 





1-404 

Hydrogen chloride 





1-400 

Chlorine 





1-355 

Carbon dioxide 





1-302 

Nitrous oxide 





1-300 

Sulphur dioxide 





1-285 

Sulphuretted hydrogen 




1-340 

Steam (100° C.) 





1 306 

Ammonia 


(r 



1-310 

Acetylene 


• 


• 

1-280 

Methane 


• 


» 

1-310 

Ethylene 


• 


• 

1-250 


It must be borne in mind that the explanation of the value of x 
in the above work is not yet definitely established. However, the 
usual explanation is based upon the principle of equipartition of 
energy, which was deduced by Maxwell and Boltzmann. According 
to this principle, the energy imparted to a gas will be equally 
distributed between every degree of freedom. A degree of freedom 
is every possible mode of motion of a molecu le. 

Thus, in the case of a monatomic gas, The only type of motion 
possible is motion in a straight line, or motion that can be made 
up of small motions in a straight line. This motion can, however, 
be represented by three components mutually at right angles. The 
system therefore has three degrees of freedom. The kinetic energy 
of a molecule is 1/2 mu 2 , and this can be resolved into the three 
components, connected by 

| mu* = } mu* + $ mu* + i rnu*. 
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Now 9 according to the theory of equipartition of energy, 


l mu x 2 = J mu* = $ mu* = £ iiT. 


Every degree of freedom of this motion is therefore associated with 
an amount of energy =1/2 RT per gram-molecule. The total 
energy is 3/2 RT, and the corresponding heat capacity, 3/2 R cals. 
Gases of all kinds have translatory motion, and therefore they all 
have energy 3/2 RT corresponding to this motion, as well as any 
extra due to other types. 

As has already been mentioned, a gas which has molecules made 
up of more than one atom may possess vibrational energy, which is 
both potential and kinetic. For a diatomic molecule this motion 
can only exist in one direction, viz., along the axis of the molecule, 
and hence two degrees of freedom would be assigned to it, one for 
potential and one for kinetic energy. For a triatomic gas, such 
motion could, in general, take place along three directions — the sides 
of the triangle formed by joining up the centres of the atoms. In 
this case, then, there would be six vibrational degrees of freedom. 

Consider now rotational motion. Molecules will rotate about 
their centre of gravity as a result of collisions with other molecules. 
Such motion is described in a plane, and is resolvable into two 
components, each of which would bo assigned one degree of freedom. 
This assumes that the molecule is diatomic ; or if polyatomic, the 
atoms must be arranged linearly. In the case of a triatomic gas 
where the atoms stand at the corners of a triangle, it might be 
expected that three degrees of freedom would result. 

For a diatomic gas, then, we have three degrees of freedom for 
translation, two for rotation and two for vibration. If We assume 
the molecule to be rigid, the last two are lost, and so the energy is now 


| RT, or the gas has a molecular heat capacity oi 5 cals, per degree. 


This soems to be true fer most diatomic gases, but it is possible, 
according to the theory, for a diatomic gas to possess seven degrees 
of freedom, and it would then have a molecular heat capacity of 
7 cals, per degree. 

V78. The Determination ol the Ratio of the Specific Heats of Oases. — 

Obviously this could bo carried out by measuring the specific heat 
at constant pressure and at constant volume, and calculating their 
ratio, but, in addition, there are some indirect methods. 

The direct determination of the specific heats of gases is a matter 
of some difficulty, since the volume of a given mass of gas is so 
large. Large volumes of gas have to be used if good results are to 
be obtained. 

(a) Direct Determination of C v . — This can be carried out by a 
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modification of the method of mixture applied to the ordinary 
determination of the specific heat of a solid. The method, which 
was used by Regnault and others, consists in passing a known 
volume of gas heated to a definite temperature through a calorimeter 
containing cold water, and measuring the amount of heat liberated. 

The continuous flow method of Callendar has also been used. 
The gas, heated to a definite temperature, is passed into a special 
form of continuous flow calorimeter, and is then heated electrically. 
The rise in temperature is measured by means of a platinum resist- 
ance thermometer. The method has been applied by Scheel and 
Heuse for low temperature determinations of C v . 

McCollum used a modification of Regnault f s method to determine 



the specific heat of nitrogen tetroxide at constant pressure. The 
gas was passed through a spiral tube in a thermostat, the time 
taken for the gas to pass through the tube being sufficiently long to 
ensure that it attained the temperature of the bath. It then passed 
into a slightly warmer bath, the temperature of which was kept 
constant by an electric heater. The current flowing in the latter 
was measured. When the cool gas passed into the warmer vessel,, 
it tended, of course, to cool it. Additional current had to be passed 
through the heater to maintain the bath at constant temperature. 
The amount of this extra current was a measure of the heat absorbed 
by the gas. Let the mass df gas passing through the bath in 1 sec. 
be m gms. If the additional current flowing through the heater is 
I amperes, and its resistance is B ohms, then, in 1 sec. the amount 

of heat given out by the heater is B = calories. This is the 


amount of heat taken up by the mass 
porature from t° C. (the temperature 


of gas m, in raising its tern- 
of the thermostat) to C. 
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(the temperature of the bath). If C, is the specific heat of the gas 
at oonstant pressure, 

PR 

mC 7 , 4^84 

PR 

C " “ 4*184m (<! — t)' 


(6) Direct Determination of C v . — This is a somewhat more difficult 
operation. Joly used his steam calorimeter for this purpose (Fig. 52). 
This instrument consists of two thin copper spheres supported from 
the ends of a balance beam, and surrounded by a chamber which can 
be filled with steam. The two spheres should balance each other, 

and when steam is admitted 



Fio, 52. — The Joly Steam Calorimeter* 


into the chamber it will con- 
dense on the two spheres in 
equal amount, and hence 
they will still weigh the same. 
The spheres are first evacu- 
ated, and then one of them is 
filled with the gas to be in- 
vestigated, under pressure. 
The steam is admitted, and 
it is now found that a 
different quantity of steam 
condenses on the sphere con- 
taining the gas from that 
condensing on the evacuated 
one. The difference is found 
by adding weights. The 
difference in the amount of 


steam condensed is due to the different heat capacities of the 
globes, and from the experimental results it is easy to calculate the 
specific heat of the gas. 

The method has been modified by Eucken for work at low tempera- 
tures, and its accuracy has been considerably improved. 

The explosion method, originated by Bunsen, and more recently 
modified by Pier, is rather interesting, and is capable of yielding 
fairly accurate results. The principle of the method is as follows : 
A gas that will explode with oxygen is admitted with the latter, 
and mixed with various indifferent gases, into a closed vessel. The 
mixture is exploded, and the maximum pressure reached is measured. 
From this the temperature to which the mixture has been heated 
can be calculated. Knowing the heat of the reaction (Chapter XV.), 
and the heat capacity of the vessel, the heat capacity of the gas can 
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be obtained. Pier used a special form of manometer, involving the 
use of a very thin steel plate, with a high period of vibration. The 
plate was deformed by the pressure increase due to the explosion, 
and the deformation was measured photographically, and compared 
with that produced by known pressures. 

tel Indirect Methods of Determining C t JC v . — (1) The Method oj 
Oldment and Desormes (1819). — To understand this method, it is 
necessary to be acquainted with the definition of an adiabatic change. 
An adiabatic change is one in which no heat is allowed to escape from, 
or be added to, the system during the change . The temperature in an 
adiabatic change must, then, alter. It is here that it differs from an 
isothermal change in which there is no alteration in temperature. 

In the C16ment and Desormes* method, a large vessel is filled 
with the gas under observation to a pressure a little above atmo- 
spheric. This pressure is measured by means of a manometer 
attached to the vessel. The vessel is then opened for a very short 
while, during which the gas inside attains atmospheric pressure, and, 
in so doing, expands and cools a little. When the vessel is closed, 
the gas begins to attain room temperature agq,in, and so its pressure 
again increases. The increase is measured. 

In considering the theory of this experiment we may derive first 
the equation connecting the pressure and volume of a gas which 
undergoes adiabatic expansion. Consider one gram-molecule of a 
gas, and allow it to expand adiabatieally from a volume V to V + 
dV , under constant pressure P. The work done is PdV . Suppose 
the temperature fails by dT. The amount of energy corresponding 
to the external work done is, therefore, — C v dT, where C p is the 
molecular beat at constant volume. 


Hence 

But 


PdV = - C t dT. 


PV = RT , 



dT 

~T * 


Considering a volume change from V x to V 2 , the temperature falls 
from T x to T r Hence 

jt t r ^ 1 dT 


.*. B log, p- 1 = C, log, jr. 

C p -C,-R 

(0, - C,) log, - 0, log, yj, 


« m 


But 
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T V 

OP l°g,5T =(y- l)l°g, (A*, 

or ^-(jV ' 

Since P^ = RT X and 1\\\ — PP f , 

P X VJ = P 2 ^Y == constant, 
and P-^Ty = P^~ y Tg ^ constant 

Generally, the aquations may be written 
PF y = constant. 


pi-vmy — constant, 
y pry-i — constant. 


This may now be applied to the conditions obtaining in the Cl&ncnt 
and Desormes’ experiment. Suppose the original pressure of the 
gas is P v and atmospheric pressure is P. Let the final pressure be 
P 2 . Let T be the initial temperature, and t the decrease in tempera- 
ture. Then, whilst the temperature of the gas rises from T — t to T, 
its pressure increases from P to P 2 . Hence 

P _T -t 
P" 2 ~ T * 

From the adiabatic equation given above, 

P^-'Ty = P 1_Y (T - t) y 

•• &T- W - (0 

Taking logarithms of both sides of the equation. 


(J-y)log.(£)=yiog.(0 
Y (log, ^ + log. = log, 


log. y 

■‘y= p pr 

log. -p + log, y 


log* Pi - log, P 
log- Pi- log, P*’ 


Hence y can be determined by observations of the pressures Pj. P f 
and P. No determination of temperature is necessary. 

Lummer and Pringsheim (1898) have improved the accuracy of 
this method by employing a very large vessel (90 litres capacity), 
and allowing the excess pressure to blow off through a large orifice. 
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This made certain that the gas had actually reached atmospheric 
pressure. The temperature of the gas was determined immediately 
by means of a platinum resistance thermometer placed at the centre 
of the flask. Since the process is adiabatic, the formula to use is : — 



where T v P x are initial temperature and pressure, and T 2 , P# are 
the corresponding final conditions. 

(2) By Determining the Velocity of Sound . — It was at first thought 



Fio. 53. — Lummer and Pringsheim’s Modification of C16ment and 
Dosormua’ Apparatus (diagrammatic). 

that the velocity, v , of sound in a gas was connected with its elasticity 
under isothermal compression, E t and its density, d, by the expression 



Later it was found that the elasticity to be used was not that under 
isothermal compression, but that under adiabatic compression, E a ; 
for when a sound wave passes through a gas there is no time for the 
heat to be dissipated before the next pulse follows, so that the whole 
process is adiabatic. The velocity of sound in a gas is therefore 
given by 



Now, E^ is related to E by the expression 

* E m c m 
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and B is identical with the pressure of the gas, p, so we 

E a ® py and v = 

If now we have two gases of density d x and d t under the same 
pressure, the velocity of sound in the gases being v x and respec- 
tively, and the ratio of the specific heats for the two gases y x and y 2 , 
we have 



• *!i !_vA 

Now, the velocity of a wave motion is connected with the wave- 
length A, and frequency n> by the expression v = «A. 

If symbols with the suffixes 1 and 2 refer to the two gases, for a 
note of the same frequency, n, 

v x = n\ x v t = 7iA 2 

• Hi — 

9 9 v 2 nA a A a A- y 2 d x 

Hence, 

Yi __ Wi t\\ 

Y*~ Wz W 

Two practical methods are possible. Either the actual velocity 
of sound in a gas may be found, or the wavelength of the note Of a 




Fia. j54. — Dixon’s Apparatus. 

given frequency may be determined. Until comparatively recently 
it has not been possible to carry out the first experiment because 
with the older methods such large quantities of gas were required. 
However, in 1921, Dixon determined the velocity of sound in certain 
gases directly, and in some cases over a considerable range of 
temperature. He first showed that the velocity of sound was the 
same in coiled tubes as in straight ones. He then sent sound waves 
through gases in coiled tubes, about 15 metres in length and 25 mm. 
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in diameter. The sound wave was started by a hammer worked 
like an electric bell hammer, striking a steel diaphragm at the end 
of the tube. When the wave passed the platinum disc, a mark 
was made by a self-recording chronometric apparatus, and a similar 
piece of apparatus marked its arrival at the other end. In this way 
the time taken for the wave to travel the length of the tube was 
found. After correcting for the fact that the velocity of sound in 
tubes is not quite the same as that in the open, the velocity was 
calculated. 

The value of y could then be found from the equation 

, « Ivp 

V d ’ 

but Dixon used, instead of the density d of the gas, the expression 




Fig. 55. — Behn and Geiger’s modification of Kundt’s method. 


for the density from the molecular weight of the gas given by 
Daniel Berthelot (§ 81), giving as the final relationship 


_*wr . 9 p T( 

- RT T\ l 



where M is the molecular weight of the gas, R the gas oonstant 9 
T the absolute temperature of measurement, T c the critical tempera- 
ture, and p 0 the critical pressure. 

The following results were obtained :-r~ 

y 

Nitrogen 1-408 

Carbon dioxide • 1-296 

Methane 1*301 


The second method mentioned is rather more convenient. In 
this the wavelengths of notes of the same frequency passed through 
two gases are compared. The apparatus is called Kundt’s tube, 
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although the modification' described below has been devised by 
Behn and Geiger, The gas under test is placed in the dried sealed 
tube A, together with some lycopodium powder, or silica dust. 
The tube is clamped at its middle, and small discs of lead can be 
fixed to cither end so that the tube may be made to vibrate. One 
end of the tube enters a wider, open tube, containing air and some 
lycopodium or silica dust. The sealed tube is stroked with a wet 
cloth, which sets it into vibration, and the air in the wider tube is 
also set into vibration by resonance. The powder in the tubes 
becomes heaped up at the places of least motion, i.e at the nodes. 
The distance between two heaps will therefore be half a wavelength 
(Fig. 55). By measuring the distances, and multiplying by two f 
the wavelength of sounds of the same frequency in the gas and in 
air can be obtained. 

The ratio of y 1 to y 2 for the two gases can be obtained by using 
the formula (1) on p. 198, the density of the gases being known. If y 
is known for one of them, the value for the other can readily be 
calculated. It should be noted that this is essentially a comparative 
method. This method was used by Ramsay and others in finding 
the ratio of the specific heats of the inert gases, although a slightly 
different apparatus was used. It is a little difficult to work with 
helium as, owing to its lightness, it does not give good dust heaps. 
'S 79. The Determia^tiQU and Calculation of some Molecular Con- 
stants . — {a) The Mean Free Path . — The mean free path has already 
been defined as the mean distance through which a molecule can 
move without coming into collision with another. Of course, the 
actual distance through which a molecule moves before collision 
varies enormously from time to time. Sometimes it may travel a 
long distance before meeting another molecule, especially if the gas 
is under reduced pressure. At other times only a fraction of tho 
mean free path is traversed. The viscosity of a gas will obviously 
be directly connected with the mean free path. The coefficient of 
viscosity , rj, is defined as the force per unit area exerted between 
two parallel layers at unit distance apart , when the velocity of 
streaming differs by unity in the two layers. 

From the kinetic theory it may be shown that 

tj — JdAtt 

where A is the mean free path, d is the density, and u the root-mean- 
square velocity. 

If we substitute the value of u obtained in § 74, 


v ** 



in this equation, the expression 
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is obtained. 

As would be expected, the mean free path is greater the lower is 
the pressure. The value of the mean free path can therefore be 
obtained from observations of viscosity. 


The collision frequency, which is given by can also be obtained 

A 


quite easily. 

It will be seen from Table XXXV. that the mean free path of 
oxygen at N.T.P. is of the order of 10~ 5 cm. It is twice this in 
hydrogen. For comparison, the average wavelength of light in 
the visible spectrum is 5 X 10“ 6 cm. At low pressures the mean 
free path may amount to several centimetres. 

In 1 second, a molecule describes as many free paths as it makes 
collisions, and hence the sum of the free paths is equal to the mean 
speed. Taking the case of hydrogen, the root-mean-square velocity, 
a, is 183,800 cm. per second, and the mean free path is 17*8 X 10~ 8 
cm. Hence the number of collisions per second is 


u 

X 


183,800 : = 10 3 30 1Qe 
17-8 X 10-® ~ X U * 


It need not be pointed out that this number is very large. It might 
be noted, however, that even when the mean free path is increased to 
1 cm., which could happen at very low pressures, the number of 
collisions per second is still 183,800, i.e., nearly 200,000 per second. 


Hydrogen 
Oxygen . 
Nitrogen 
Carbon dioxide 
Carbon monoxide 
Water vapour 


17*8 X 10~' tt cm. 
10 0 x 10- 6 
9*5 X 10~ 6 
6 3 X 10" s 
9-3 x 10-« 

7-2 x 10’® 


Table XXXV.— Mean Free Patus (at N.T.P.) 


(A) Avogadro’s Number. — Avogadro’s Law states that equal 
volumes of gases under the same conditions of temperature and 
pressure contain the same number of molecules. It is interesting 
to know how many molecules there are in a gram-molecule of a gas. 
This should be the same for all gases, and is called Avogadro’s 
number, JV. Occasionally, we meet with the number of molecules 
contained in 1 c.c. of gas at N.T.P, This is called Loschmidt’s 
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number, and i is denoted by n. It is obvious that 

N = 22, 414/1, 

since one gram-molecule of a gas occupies a volume of 22,414 e.o. 

Avogadro’s number can be determined by a variety of experi- 
mental methods, which give surprisingly concordant results. A 
few of these methods are described. 

(1) The Method of Rutherford and Geiger . — The element *radium is 
continually shooting out charged helium atoms, called a-particles 
(Chapter II., § 21). They move very rapidly, in fact, about 
100,000 times as fast as an ordinary gas molecule. They possess 
the property of causing zinc sulphide to glow when they fall upon 
it. If, then, the a-particles are not shot off too frequently it if 
possible to count them, since every time they impinge on a zinc 
sulphide screen they cause a flash. The apparatus for counting the 
a-particles is shown in the figure (56) and is called a spinthariscope. 


B 


Jfio. 60. — Spinthariscope (diagrammatic). 

The radium preparation A, was hung in front of the zinc sulphide 
screen B, which was viewed through a lens. A separate experiment 
was carried out to find out how much helium was formed from a 
larger, known amount of radium, in a given time. The volume of 
the gas and the number of atoms in it were known, because they 
had been directly counted as a-particles. Hence the number of 
atoms (of helium ; molecules of any other gas) in 1 c.c. could be 
calculated, and from this Avogadro's number could be obtained. 
Allowance was made for the fact that only a fraction of the 
a-particles strike the screen. The results obtained for the experi- 
ments were : — 

Number of molecules per c.c. = 2*7 x 1O 10 
Avogadro’s number =* 6-05 X 10 83 

The method was improved in 1908, the apparatus depicted in the 
figure (57) being used. A long glass tube, TT, 450 cm. long, and 
2*5 cm. wide, called the firing tube, was exhausted, and a radium 
preparation on a lead plate was placed at A. Some a-rays shot 
along the tube, passed through the narrow tube B, and passed into 
the ionisation chamber C, through the window F. The gas in the 
ionisation chamber, which was at low pressure, became ionised every 
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time an cc-particl© passed into it, and this rendered the gas con- 
ducting. A current then passed through the electrometer (whioh 
was connected to the wire w % and the outside of the chamber), every 
time the gas was ionised. It was thus possible to count the 
oc-particles, and knowing the volume of helium produced in a 
given time, obtained by a separate experiment, Avogadro’s number 
could be found. The value obtained was 

N = 6-14 x 10“ 

Allowance was made for the fact that only a fraction of the 
a-particles got into the ionisation chamber. It may be noted that 
in the spinthariscope method the minutest quantity of radium is 
used, whereas the second method requires an appreciable quantity. 

(2) Perrin's Method . — This is based on a study of the Brownian 
Movement (Chapter XVII.). If very fine particles are suspended in 



Fig. 67. — Rutherford and Geiger's Apparatus (diagmmtnatio). 


a liquid and are examined under the ultramicroscope, it is found that 
they are moving about rapidly and with random motion. This motion 
is called the Brownian Movement, because it was first observed by 
the botanist Brown, with pollen grains. The reason why the particles 
are moving about in all directions is because they are continually 
being bombarded by molecules of the medium in which they are 
placed. This bombardment will affect them differently from time 
to time, for at one instant they may be hit by many or rapidly 
moving molecules, and at other times by few or slowly moving 
molecules. Hence their motion is continually varying, renin 
supposed that a particle suspended in a liquid would behave just 
like a large molecule and would possess the same mean kinetic 
energy as a molecule of the liquid. He calculated the way in whioh 
gravity should cause an alteration in the numerical density of these 
particles in a column of fluid. Owing to their weight, there will be a 
larger number at the bottom than elsewhere, and this number will 
get smaller and smaller as we go up the column. Two effects have 
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to be taken into account. The first is gravity, which causes a 
downward motion, and the second is osmotic pressure causing a 
diffusion upwards (Chapter XI.). Perrin obtained the following 
expression : — 

log £ = <£(£-%/*, 

where w is the mean kinetic energy of the particle ; » 0 and n the 
average number of particles per unit volume at levels which differ 
in height by h ; <j> the volume of a particle ; D and 8 the densities of 
the particle and the liquid respectively. Perrin set out to determine 
to experimentally, making use of this expression, and it will be seen 
that in order to do so it is necessary to determine the volume of a 
particle, and the numbers present at given heights in the medium. 
The volume of the particle was found by counting the number in a 
given volume of suspension, which was then evaporated to dryness, 
and the weight of the remaining particles determined. The weight 
of one particle could thus be found, and knowing the density of the 
particle (which was assumed by Perrin to be the same in the particle 
as in the bulk condition, though it need not necessarily be), the 
volume could be calculated. The number of particles at different 
levels was obtained by focussing a microscope on a certain level and 
counting the number, and then turning the focussing screw so as to 
raise the objective through a given distance. This would now be 
focussed on a new layer, at a distance from the previous one equal 
to the distance through which the microscope had been raised. 
The number of particles in the newly focussed layer was then 
counted, w can thus be calculated. 

We have already seen (§ 73) that the mean kinetic energy of a 
molecule is given by 

w = 3pv/2n. 

For a gram-molecule of a gas, which contains N molecules, 

pv = RT. 

Hence 

w = 3RT/2N, 

Knowing w , N can be found. 

The value obtained by this method was 

N =a 6*90 X 10 28 , 

which is in very good agreement with the Rutherford and Geiger 
value. 

(3) The MiUikan Oil-Drop Method . — This method, which has 
already been described in connection with the determination of the 
charge of the electron, can be utilised to furnish a value for 
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Avogadro’s number by using the relationship that the number of 
electrons in one grain molecule of ions is N, and if * is the charge 
on one, and F the Faraday, then Ne = F (§ 26), 

F is readily found by electrolysis experiments ; a is found by 
Millikan’s method, as previously described, to be 1*59 X 10~ 19 * 
coulombs ; hence N = 6-062 x 1*0 23 , if F = 96,500 coulombs. This 
is probably the most accurate method of determining N, 

Quite a number of methods have been used to determine 
Avogadro’s number, and all give concordant results, some of which 
are given in the table below. This fact alone shows that there can 
be no doubt about the existence of molecules. 


Table XXXVI.— Values of N 
Classical kinetic theory . . 10 x 10 23 (approx.) 

Brownian movement (Perrin) . 6*90 x 10 s3 

Radiant heat . . . , 619 x K> 23 

Counting oc-parti cles . . 6-14 x 10 83 

Electronic charge (Millikan) . 0-06 x 10 23 

Brownian movement (Nordlund) 5-90 x JO 8 * 


(c) The Mass of the Molecule . — Knowing Avogadro’s number, we 
can calculate the mean mass of the molecules, if the gram-molecular 
weight of the gas is known. Thus, for oxygen, the gram-molecular 
weight is 32. Hence the mass of the oxygen molecule is 


32 

6-06 x JO 83 


= 5-28 x 10” 23 gm. 


The mass of the hydrogen atom calculated in a similar way is 1*663 X 
10 -24 gms. 

¥ 80 * Deviations from Boyle’s Law. — Boyle’s experiments were 
carried out within a comparatively small pressure range, and were 
not sufficiently accurate to show whether the law was strictly 
correct or not. In fact, if such data were obtained from experi- 
mental work in these days, observers would be chary of deducing a 
law from them. At the beginning of the nineteenth century many 
people attempted to verify the law, but the best work was done by 
Regnault in 1847. 

He improved the apparatus so as to reduce the experimental 
error, and also increased the pressure range up to 27 atmospheres. 
He found that the gases he used, hydrogen, nitrogen, air and carbon 
dioxide, did not obey the law perfectly. Hydrogen was found to 
be less compressible, and the other gases more compressible, than 
the law demands. 

The work of Regnault was improved upon by Amauat, who 
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carried out experiments first up to a pressure of 400 atmospheres, 
using a mercury manometer. For this purpose, the mercury tube 
was placed in the shaft of a coal mine. By using a sort of hydraulic 
press, he was able in a later series of experiments to reach 3,000 
atmospheres. 

The results of these experiments showed that no gas strictly 
obeys Boyle’s Law. Gases are therefore not perfect, a perfect gas 
being defined as one which obeys Boyle’s Law. The nature of the 
deviations are best shown by plotting the product of pressure and 

volume against pressure. If a 
gas obeyed Boyle’s Law this 
curve would be a straight line, 1 
the line AB in Fig. 68. 

It will be noticed that the 
curve for hydrogen starts ascend- 
ing at once, whilst for the others 
the curves all show a decrease 
in pv at first. Ultimately, all 
gases behave like hydrogen, 
above, say, about 400 atmo- 
spheres. It has been shown that 
the inert gases give curves 
exactly like that of hydrogen. 
The gases which are most easily 
liquefied deviate the most from 
Boyle’s Law. 

Experiments on gases at low 
pressures have not yet shown 
definitely whether gases deviate 
from the law at extremely low 
pressures. 

^JSI. Modifications ofBoyle’sLaw . — The fact that experiment 
reveals deviations on the part of most gases from Boyle’s Law must 
be explicable on a theoretical basis. Boyle’s Law has been derived 
in a previous section (§71) from the kinetic theory. It is possible 
that the assumptions upon which the kinetic theory is based are at 
fault. 

It will bt remembered that in deriving Boyle’s Law certain 
assumptions were made about the size, shape and properties of 
molecules. In the derivation, it was tacitly assumed that the 
molecules had a negligible volume, and that there were no attractive 
forces between them. Both these assumptions are, of course, not 
true at ordinary temperatures and pressures. When the pressure 
of a gas is considerably reduced the volume occupied by the molecules 



Fig. 58. — Graph of pv against p for 
nitrogen, hydrogen, oxygen, 
and carbon dioxide, based on 
Amagat*s results. The ordin- 
ates represent the relative 
deviation of pv for the gas 
from the value for a perfect 
gas ( \ *00). In deducing pv t v 
is taken as 1, when p «■ 1 
atmosphere. 
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may be negligible when compared with the space in which they 
move, but not under ordinary conditions. 

In 1865, Hirn put forward an equation which took the first of these 
corrections into account. If the molecules do occupy some volume, 
then the space available for their motion must be reduced, and so, in 
the ordinary Boyle’s Law equation, pv = RT> we must substitute 
for w, (t? — 6). where b is a quantity dependent upon the volume occu- 
pied by the molecules, It is not a difficult mathematical exercise to 
show that it should correspond to four times the volume of the 
molecules. 

A correction was also attempted for the second error, the attractive 
force exerted by the molecules on each other. That such an 
attractive force exists is shown by the Joule-Thomson effect (Chapter 
VI., § 89). For a molecule in the centre of the gas the attraction of 
other molecules will, on the average, be spread over a sphere uni- 
formly, and so need not be taken into account for our purpose. 
Molecules near the edges will, however, experience an attractive 
force which tends to drag them inwards, and so the velocity with 
which they strike the walls, and the corresponding pressure, will be 
lower. Thus the observed pressure is less than that which would 
be exerted if there were no attractive force. Him therefore pro- 
posed to add a pressure, P { to p, in order to increase the pressure to 
the value it would have if there were no attraction. was called 
the intrinsic pressure, or the internal pressure of the gas. 

Him’B modification of Boyle’s Law therefore reads : — 

(P + Pi) (v-b) = ItT. 


Van der Waals ( 1873) carried the matter further. He added a 

' a ~ 

factor — to the pressure to account for the attraction of the mole- 


cules for each other. The correction will depend upon (i.) the number 
of molecules in the surface layer, and (ii.) the number of molecules in 
the interior. Both these numbers are proportional to the density 
i.e. (for a given mass of gas), inversely proportional to the volume. 
Hence the form of the correction. Van der Waals' equation is 
therefore 

>/ (* + (» — •) — sr. 


The equation of van dor Waals correctly explains the general 
behaviour of gases, and, incidentally, also of liquids, throughout the 
whole range of temperatures and pressures, but quantitative agree- 
ment with experimental data is still not quite exact. Hence, many 
equations, moot of them empirical, have been put forward to eover 
the experimental facts. It would be useleas to consider all of thorn, 
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a s well over a hundred modifications of van der Waals* equation 
have been proposed. The most important of them are the equations 
of Dieterici, of Clausius, and of Berthelot. Dieterici made allowance 
for the density gradient at the boundary of the gas as the internal 
pressure diminishes to zero. The equation is 




p (v — 6) = RTe ht, 

where e is the base of natural logarithms. 

Over small ranges of pressure, Dieierioi’s equation agrees with 
that of van der Waals, but at high pressures the differences become 
quite appreciable, and, in general, Dieterici *s equation explains the 
experimental facts better. 

It was at first thought that the a factor in van der Waals* 
equation was independent of temperature. Amagat’s work on 
carbon dioxide showed that this was not so, and Clausius modified 
van der Waals* equation accordingly, by putting the term 
%/[T(v + c) 2 ] for a/v 1 . The Clausius equation is therefore 

( r + WTw) ( ' , - i) - KT ■ 


It explains the relationship between pressure, temperature and 
volume reasonably well for some gases, but its success is not general. 
The equation of Daniel Berthelot depends upon the critical 
constants of the gas concerned. As explained in the next chapter, 
the van der Waals* constants a and b have been found to bear a 
relationship to the critical constants of a gas (Chapter VI., § 87). 
Berthelot derived an empirical relationship between the constants 
a and b , and the critical constants, and substituted their values in 
the van der Waals’ equation, obtaining the equation 


pv = NRT 


[ 


i + JL p 

± l28 Pe 



where p e and T c arc the critical pressure and temperature, respec- 
tively. 

Berthclot’s equation gives very accurate agreement between 
* observed and calculated* values, but it must be remembered that it 
applies only to a pure gas, i.e., to a gas consisting of a single species 
of molecules only. The equation gives good results in the neigh- 
bourhood of the critical point, when others fail. It can be applied 
to saturated vapours. 

82. D eviations from the other Gas Law s.— (a) Avogadro't Mypo - 
thesis J ustasthere are deviationiH-rom Boyle’s Law, so the other 
gas laws are found to be not strictly accurate. It will be remem- 
bered that Avogadro’s Hypothesis was derived on the basis of the 
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kinetic theory from the result obtained for Boyle’s Law (§ 73). If 
the latter is wrong, being based on wrong assumptions, it follows 
that the former must be wrong also. This is indeed the case. 
Equal volumes of gases under the samo conditions of temperature 
and pressure do not contain the same number of molecules, and the 
usual statement of Avogadro’s Hypothesis is probably only valid at 
very low pressures where 'the gases probably behave as perfect 
gases, and where Boyle’s Law itself may be obeyed. 

It follows from this that the usual method of deriving the molecular 
weight of a gas from its density, merely by multiplying the latter 
by two (Chapter I., § 11), does not give strictly accurate results, 
since this procedure implies the truth of Avogadro’s Hypothesis. 
If, however, the gas volume were to be measured at low pressures, 
the hypothesis would become more exact, and at zero pressure it 
would probably be quite exact. Of course, this is an impossible 
condition for measurement, but the density at zero pressure can be 
approximated to. 

A clearer idea of the quantities to be measured may be gained by 
considering the subject in greater detail. Suppose a mass W gms. 
of gas occupies a volume v litres at 0° C. under a pressuro of p 
atmospheres. The quotient Wjpv is called the density per unit 
pressure. If the gas obeys Boyle’s Law, pv is constant, and 
obviously the above quotient remains constant over the whole 
pressure range, but if the gas does not obey Boyle’s Law, there is a 
continuous variation of W/pv as the pressure varies. If the limiting 
value of pv is taken as p approaches zero, and tjic value of pv is then 
p 0 v 0 , W/p 0 v Q is called the limiting density of the gas. This is the 
value to be used in determining molecular weights of gases. 

If p x v x is the value of pv when the pressure is one atmosphere, 
then obviously W/p x v l is the normal density of the gas as commonly 
measured. Hence 

limiting density = normal density x (PiViIPqV 0 ). 

It is thus a matter of some importance to determine the value of 
Pi v ilPo v o> an( l this can be done by two distinct methods. The first 
is the extrapolation method. A number of determinations of pv are 
made for different pressures, and these are plotted and the curve 
extrapolated to zero pressure. This method is the one usually 
followed and is exemplified by the recent determinations of the 
atomic weights of nitrogen and phosphorus from the densities of 
their gaseous hydrides. 

The second method depends on the assumption that the relative 
deviation from Boyle’s Law is proportional to the pressure, and is 
obviously applicable only to those gases which do not greatly 
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deviate from Boyle’s Law. The relative deviation Is 

3Wo ~ pv 
pv 

Hence, making the above assumption, 

PqV o -pv 

= a p. 

pv r 

a is known as the compressibility coefficient, and its value is obtained 
by taking two readings of pv between 0 and 1 atmosphere. In this 
case 

p 0 v 0 = p x v x ( 1 + a) (1) 

since p t = I. 

Thus, the limiting density = normal density/(l + a). 

Avogadro’s Hypothesis can then be applied to the limiting density 
found by these methods. v 

It is clear that the expression (1) implies a linear relationship 
between p 0 v 0 and p x v x . Whilst this is true in the majority of cases, 


Pressure. 

Density per 
Unit Pressure. 

Atmos. 

Gms. per litre. 

i 

0-77169 

0-667 

0-76773 

0-6 

0-76585 

0-33 

0-76383 


00. — Graph of Pressure against Density per Unit Pressure far 
Ammonia. 

there are some substances for which it is not true. For these a 
curved extrapolation must be used, and it was suggested by Guye 
that the result should be expressed in the form p 0 v 0 = p x v x (1 + A). 
It has been pointed out by Cawood and Patterson (J. 0. S. t 1933, 
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619) that A has no physical significance like a, although it is fre- 
quently wrongly called the compressibility coefficient. It may 
perhaps be called the “ effective compressibility coefficient.* 

As examples of the use of these equations the figures obtained by 
Moles and Batuecas in 1930 (Anal. Fis. Quim ., 1930, 28, 871) for 
the density of ammonia, may be quoted. 

These values are plotted in Fig. 59, and the curve continued to 
cut the density axis. The limiting density is found to be 0*75990 
gm. per litre. 

The limiting density of oxygen is 1*4277 gm. per litre, so the 
density of ammonia referred to oxygen as 16 is 


0*75990 
1-4277 X 


16 = 8-516. 


The molecular weight of ammonia is therefore 17-032. Assuming 
the atomic weight of hydrogen to be 1 0078, this gives for the atomio 
weight of nitrogen 14 0086. The accepted value is 14*008. 

Batuecas has also determined the density of nitrous oxide 
(J. Chim. phya., 1931, 28, 572). The following results were 
obtained : — 


'rossure. 

Density per 
Unit Pressure. 

Atmos. 

Gms./litre. 

i 

1*9804 

0-667 

1-9746 

0-5 

1-9722 

0-25 

1-9694 

Pressure, p . 

pv. 

Atmos. 


1 

1-00000 

0-667 

1-00294 

0-5 

1-00416 

0-33 

1-00559 


By extrapolation of the curve between p and pv f the value for 
p 0 t? 0 was obtained, and (1 + A) came out to be 1*0085. The limiting 


density is therefore 


1*9804 

1*0085 


1*9623 gms^per litre. 
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The accepted figure for the volume occupied by one gram- 
molecule of a gas at N.T.P. is 22414 litres. 

Hence the molecular weight of nitrous oxide is 22414 x 1-9623 = 
44-014, and the atomic weight of nitrogen is £ (44-014 — 16) = 
\ (28-014) = 14-007. 

The matter can be viewed in a somewhat different way. If 
Boyle’s Law is true, 

pv = RTy 


where v is the volume occupied by one gram-molecule, R has its 
usual value (in litre-atmospheres) p = 1, and T = 273° Abs. 

If M is the molecular weight, and D the density in grams per litre, 

M/v — D 

But, v — RT\p. 

Hence M = DRT/p. 


This equation enables the molecular weight to be calculated if the 
density D is known at some temperature T, and pressure p, and 
holds, if Boyle’s Law is true. This, however, is not the case. If 
we use Berthelot’s equation (p. 208), it is obvious that 


M = 


DRT / 
V \ 


1 + 


(9 T,(T* - 677) 
128 p e T* 



which may be written 


M = 


DRT 

V 


(1 + Ap \ ), 


where A stands for the expression in brackets. From this relation- 
ship it is possible to calculate the molecular weight of a gas very 
accurately, if the critical data are known. 

As an example we can calculate the molecular weight of nitrogen 
from the following data : — 


Density at N.T.P. = 1*2607 gms. per litre. 

Critical temperature = 126-96° Abs. R = 0-08204 litre-atmos. 
Critical pressure = 33*49 atmos. 

Substituting in the equation 


we have 


if 


DRT 

V 



97 \(T* - 6 17 ) 
128 p c T* 



U = 1-2507 X MKSO. X 273(l + 

= 1-2507 X 0-08204 X 273 (1 - 0-0002689) 
= 1-2507 X 0-08204 X 273 X 0-9997311 
- 28-01. 


Thus the molecular weight is 28-01 . 
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If the density of a gas is known under two conditions of pressure 
and temperature, it is possible to calculate its true molecular weight, 
using the Berthelot equation, without knowing the critical tempera* 
ture and pressure. > 

Thus, the density of neon at 0° C. and 0 - 5 atmos. is 0-44936 gin. per 
litre, whilst that at N.T.P. is 0-9002 gm. per litre. 

In both cases 

, QT'(T*-«Ts) 

~ 128 p e T 3 ’ 

_ 9 T t T 2 54 T* 

~ 128 p c T 3 128 

k V 


k k’ 
273 (273 )*’ 


Since the temperatures are the same A will be the same, and the 
above process is not necessary ; but where the temperatures are 
different it would have to be applied. Using the equation 


M 


for the first conditions 


DRT 

P 


(1 + Ap), 


M = 


0-44980 R X 273 
0-5 


(1 + A (0-5) ). 


For the second conditions 

M = 0-9002 R X 273(1 + A) (I) 

0-44986 X 2 X 273 R (l + 0= 0-9002 R X 273 (I + A 1. 

0-44986 ^1 + 0 = 0-4501 (1 + A) 

A = - 0-001066. 


It is simplest to get M from equation (1) ; 

M = 0-9002 X 0-08204 X 273 X 0-998934 
= 20-14. 

(6) Gay-Lussac’s Law of Volumes . — It has been found by experi* 
ment that Gay-Lussac’s Law is not quite true. For example, Burt 
and Edgar found that the combining volumes of hydrogen and 
oxygen to form water were 2-00288 to 1. Gray and Burt found 
that two volumes of hydrogen chloride gave 1-0079 volumes of 
hydrogen. Guye and Pin tea found that one volume ot nitrogen 
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combined with 3*00172 of hydrogen to give ammonia. It is time 
obvious that the law is not quite exact. 

The deviations from the law exist because Avogadro’s Law is not 
quite true, and this in turn depends upon the inaccuracy ot Boyle's 
Law. At very low pressures, like Avogadro’s Law, it would probably 
be true. 


SUMMARY 

The behaviour of gases oan be conveniently discussed by the applica- 
tion of the kinetic theory. This assumes that gases consist of molecules 
which are solid, spherical, and perfectly elastic. They move with 
random motion. Pressure is due to the bombardment of the walls of 
the containing vessel by the molecules of the gas. The average distance 
traversed by a particle between one collision and the next is the mean 
free path . The kinetic energy of a molecule depends only upon its 
temperature. 

Using these assumptions, satisfactory derivations of Boyle’s Law, 
Charles’ Law, Avogadro’s Hypothesis, Graham’s Laws of Diffusion, and 
many other Laws governing the behaviour of gases, may be arrived at. 
The velocities of the molecules in different gases can be calculated. 
The root-mean -square velocity of hydrogen is L838 metres per second 
at N.T.P. 

The specific heat of a gas is different according to whether it is 
determined at constant pressure (Gp), or at constant volume (<7„). The 
ratio of the specific heats, y ■■ C p /G v , gives information concerning the 
atomicity of a gas. For monatomic gases, y is about 1*67 ; for diatomic 
gases, 1 -40 ; for triatomic gases, 1 -33. y may be determined ( 1 ) by direct 
determination of G p (method of mixtures), and G v (Joly’s steam calori- 
meter) ; (2) by the method of C16ment and Desormes ; (3) by finding 
the velocity of sound in the gas, v = y/yp/d , where v is the velocity of 
sound in the gas, d the density, and p the pressure of the gas. The 
velocity of sound in the gas may be found directly, or indirectly, by 
comparing the wavelengths of the same note in two gases (Kundt’s 
tube). A comparison of y for the two gases may then be made. * 

The mean free path of the molecules of a gas may be calculated from 
observations of viscosity. 

Avogadro’s number, the number of molecules in one gram-moleoule 
of a substance, may be found (1) by counting ce-particles (Rutherford 
and Geiger). The number of atoms in a given volume of helium was 
oounted. The a-rays shot off from radium consist of positively charged 
helium atoms. They can be counted by observing the scintillations 
produced by them when they impinge on a zinc sulphide screen. The 
volume of helium formed in a given time can.be found by another 
experiment. (2) By observing the distribution of colloidal particles 
under gravity (Perrin). (3) By the Millikan oil-drop method. The 
results of these and other methods are remarkably concordant (6*062 X 
10 *). 

In the mathematical derivation of Boyle’s Law certain assumptions 
were made which were not justified. These lead to inaccuracies in the 
law, which is not obeyed by any gas. Numerous modifications of 
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Boyle’s Law have been proposed, of which the most important we van 
der Weals' equation, 

(p + “,) (« - 6) - ST, 

where o and 6 are constants, depending upon molecular attraction, and 
the volume occupied by the molecules, respectively, and Daniel Bertha- 
lot's equation. 


»• -»»■[* +!»!•£(*-*£)] 


where p e and T t are the critical pressure, and critical temperature* 
respectively. 

Avogadro's Hypothesis is also not quite accurate, and in oareful 
determinations of molecular and atomic weights, deviations from it 
must be allowed for. This can be done by finding the limiting density 
(t.e., the density per unit pressure corrected to zero pressure) by extra* 
po la ting the curve between pressure and density to zero pressure. It 
is assumed that, at zero pressure, Boyle's Law, and therefore Avogadro's 
Hypothesis, would hold. Accurate molecular weights may also be 
calculated by means of Berthelot’s equation. 

Deviations are also found in Charles' (or Gay-Lussac's) Law. 
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QUESTIONS 

£ (1) What are the assumptions of the kinetic theory of gases, and how 
far are they justified ? Show how Boyle's Law may be derived on the 
basis of this theory. 

*<2) What alterations in the other gas laws are necessitated in conse- 
quence of the fact that Boyle’s Law does not hold with accuracy ? 

(3) What information concerning the atomicity of a gas can be 
obtained from a knowledge of its specific heats ? Describe one method 
by which the ratio of the specific heats for a gas can be obtained. 

(4) What do you understand by the terms 44 m^nfreejgath,” 44 root - 
mean -square velocity " T 

(5) Snow how Graham's Law of Diffusion may be derived from 
kinetic considerations. Would you regard it as a true law, or are 
there deviations from it ? 

(6) Moles and Salazar (Anales. Soc. Espan . Fis. Quim ., 1932, 30, 132) 
found the density of carbon monoxide under a pressure of one atmo- 
sphere and at 0° C., to be 1-25010 gms. per litre. The value for (1 + \) 
was 1-005Q. The gram-molecule occupies a volume of 22*414 litres* 
Calculate the molecular weight of carbon monoxide and the a t om i c 
weight of carbon. 
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(7) Cawood and Patterson (J. C. S., 1933, 619) give the following 
results for normal densities and “ effective *’ compressibility coefficients : 


Gae. 

Normal 

Density. 

1 + A. 

Ethylene .... 

1-2606 


Carbon dioxide . 

1-9767 

■ 

Nitrous oxide 

1-9777 


Sulphur dioxide 

2-9265 

1-0249 

Dimethyl ether . 

2-1100 

1-0281 


Calculate the molecular weights of those compounds, and the atomic 
weights of carbon, nitrogen and sulphur. 





CHAPTER VI 
LIQUIDS 

SECTION !.— LIQUEFACTION OF GASES 

83. Critical Phenomena. — All gases can be liquefied if subjected 
to decrease in temperature and increase in pressure. The effect of 
temperature is rather more important than that of pressure, for 
whilst it is possible to liquefy all gases at atmospheric pressure, it is 
quite impossible to liquefy many of the 
known gases at atmospheric temperature. 

It was first found by Cagniard de la 
Tour, when experimenting with ether, that 
there is a temperature above which it is* 
impossible to liquefy ether vapour, no 
matter what pressure is applied, but it was 
not until the work of Andrews on carbon 
dioxide that any significance was attached 
to this important observation. The tem- 
perature above which it is impossible to 
liquefy a gas, no matter what pressure is 
applied, is called the critical temperature. 

At this temperature,, a certain pressure _ 
will have to be used to cause liquefaction, D 
and this is called the critical pressure. 

The volume occupied by a certain mass 
of the gas at the critical temperature and 
pressure is called the critical volume , and is 
usually expressed as the volume in litres 
occupied by one gram-molecule of the gas 
at this temperature and pressure, though 
it is sometimes expressed as the ratio of the volume that the gas has 
at the critical temperature and pressure, to that which it would 
have at 0° 0. and 760 mm. It is this value that is given in Table 
XXXVII. (p. 220). 

84. Andrews 1 Experiments with Carbon Dioxide. — In 1861 
Andrews carried out his experiments on the effect of tem- 
perature and pressure on the volume of carbon dioxide. The 


X 

c 

Fig. 60 .— Andrews’ 
Apparatus. 
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apparatus used consisted of a sort of hydraulic press, and is shown 
in Fig. 60, The tube A was a oapillary tube, and contained the gas. 
It was closed by a mercury seal, held in position by capillary forces. 
This tube was placed in a copper vessel filled with water, and 
provided with a screw G at the bottom. An exactly similar tube 
with air in the capillary was joined at D, and served as a manometer. 
Pressure was applied to the gas by screwing up the screw C, and in 
this way a pressure of 400 atmospheres was obtained. The upper 
part of the carbon dioxide tube was surrounded by a heating bath, 
so that its temperature could be varied. It was found that above 
31*1° C. no liquefaction would take place, no matter what pressure 
was applied to the gas. 

The results of Andrews’ experiments are given in graphical form 



in Fig. 61. The pressure is plotted against the volume, the curves 
thus obtained being called isotherms, as each curve applies, oi 
course, to one particular temperature only. If the equation 

pv = k 

is plotted in this way, the curve obtained is a rectangular hyperbola, 
and this should be the curve obtained with a perfect gas. It is 
quite clear that carbon dioxide does not give a rectangular hyperbola, 
although, with increasing temperature, the curve approximates to 
one. The temperatures are marked on the various isotherms. 

The isotherm AB shows the way in which p varies with v at 
100° C. This is nearly a rectangular hyperbola, but deviates from 
the correct form slightly. The 31*1° C. isotherm has a marked 
deviation from the perfect form, and shows a slight bump at D. 
Below this temperature, the isotherms break up into three parts. 
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Consider the isotherm for 21° C., FGHK. The part KH represents 
the effect of pressure on the volume of the gas At H, liquid begins 
to appear, and the effect of the great volume change when this 
occurs makes itself apparent by the horizontal part of the curve, GH. 
When all the gas has liquefied, increase in pressure causes only a 
slight change in volume of the liquid, because liquids are so diffi- 
cultly compressible. This is represented by the portion of the 
curve GF, which is almost vertical. It is sometimes possible to take 
the gas a part of the way over the dotted lines, HJIG, but this 
represents a metastable condition, and is difficult to realise. The 
isotherms below this temperature are all of the same form, as is 
shown by that for 0° 0. 

The isotherm, CDE, is the last one where liquefaction occurs, and 
therefore indicates the critical temperature and pressure. In this 
isotherm the horizontal portion has become 
reduced just to zero. J| 

All gases have similar isotherms to 4 
those of carbon dioxide, although the 
critical temperatures vary greatly. It has 
been found that the ends of the horizontal .u que n«* 

portions of the isotherms, when joined,' K 

form a parabola, and the apex of this is, ^B 

of course, on the critical isotherm. 

85. The Determination of the Critica l 
Constants . — The critical tcmverature is fairly _ ^ „ , 

easily found by sealing up some of the liquid of Critical Pre8gure . 
gas in a strong glass tube and gradually 

warming it in a suitable bath. In the case of sulphur dioxide, or 
carbon dioxide, a gently heated water bath is suitable. The 
temperature at which the boundary between gas and liquid dis- 
appears is the critical temperature. 

The c ritical vressure can be obtained by using the apparatus 
shown in the diagram. A quantity of the liquid and vapour is 
enclosed in one limb of the tube, and is separated from air in the 
other limb by a column of mercury. The limb containing the 
liquefied gas is gradually heated, as in the determination of critioal 
temperature, until the boundary between liquid and gas disappears. 
The volume of the air in the opposite limb is then noted ; from this 
the critical pressure can be calculated. 

The critical volume is rather more difficult to determine, but can 
be obtained from thfe rule of Cailietet and Mathias. The rule states 
that the mean values of densities of liquid and saturated vapour for 
any stable substance are a linear function of the temperature. 
Thus, if the density of a liquid is plotted against temperature, a curve 
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BC (Fig. 63) is obtained. If the density of the saturated vapour is 
plotted in a similar way, the curve AG is obtained. The two curves 

must meet at C, corresponding to the 
critical temperature ; for, at this point, 
liquid and vapour become co-existent 
and identical, and the point G must 
give the critical density. It is the point 
at which the line CD intersects ACB, 
CD being the straight line obtained by 
joining the mean values of the density 
of the vapour and the liquid at a 
number of different temperatures, as 
stated by the rule of Cailletet and 
Mathias. The critical volume is 
readily obtained from critical density. 

Some values of the critical constants for common gases are given 
in the accompanying table. 


Table XXXVII.— Critical Constants 


Cas. 

Critical 
Temp. °C. 

Critical 
Press. Atm. 

Critical 

Volume. 

Hydrogen , 

- 234-5° 

1 

20 

0-00264 

Oxygen 

- 118° 

50 

0-00426 

Nitrogen 

- 146° 

33 

0-00517 

Carbon dioxide , 

31-1° 

73 

0-0066 

Carbon monoxide 

— 141-1° 

35-9 

0-00505 

Air .... 

- 140° 

39 

0-00468 

Water 

365° 

194-6 

0 00386 



86. Continuity of State. — If the experiment on the determination 
of the critical temperature or pressure of a gas has been carried out, 
it will have been noticed that at the critical temperature the 
boundary of the liquid disappears. At this temperature, the liquid 
and the gas phases become identical. This is due to the reduction 
of the surface tension of the liquid to zero. The surface tension 
of a liquid decreases with temperature, so as the temperature of 
a liquefied gas is raised, the meniscus becomes flatter and flatter. 
Now, the surface tension measures the work that has to be done 
by the surface to increase its area. If the surface tension becomes 
very small, very little work will have to be done to increase its 
surface area. So, near the critical point, the surfaoe becomes 
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unsteady, and ultimately disappears entirely, when the critical 
point is reached. 

It is possible then to pass from gas to liquid, and vice versd , 
without any abrupt change in state. Thus, take liquid carbon 
dioxide under conditions represented by the point R in Pig. 61. 
On heating this, we can suppose that its condition at any given 
temperature is represented by some point on the line RS, if its 
pressure is kept constant. Suppose it is heated to 100° C., then S 
will be on the 100° C. isotherm. Somewhere along the line RS the 
carbon dioxide will have become gaseous, though the change will 
not have been abrupt. The pressure may now be decreased, when 
the carbon dioxide, now gaseous, follows the isotherm AB. It is 
actually impossible to detect at what point the liquid becomes gas. 

This phenomenon is termed “ continuity of state.” 

0^7. Van der Waals*_. E^uatioiu and J the C ritical Phenomena. — 
Remarkable ^n^rma^on of the gei^ral \^ali^ty" of van der W aals’ 
equation is furnished by its application to critical phenomena. As 
already mentioned (p. 218), the isotherms obtained by plotting the 
curve 

pv --= k 

are rectangular hyperbolae. If we substitute van der Waals* 
equation for Boyle's Law, we have 

(j> + p)(” • h) = ST (1) 

Rearranging this in descending powers of v , we have 
pv z — (RT + pb)v 2 + — ab = 0 

which is a cubic equation in v. 

When plotted, the isotherms obtained are shown in Fig. 64, which 
gives the actual theoretical isotherms for carbon dioxide, calculated 
from equation (1). a has been taken as 0*00874, and b as 0*0023. 
By puttingp and v equal to 1 and T =■- 273, a value for R is obtained. 
Then, substituting the values of p from about 40-120 atmos., 
corresponding values of v are deduced. 

It is seen that the curves resemble the experimental isotherms of 
Fig. 61, with the horizontal part omitted ; the latter is replaced 
by a curved portion, ABCD, resembling the dotted parts of the 
isotherms. 

It has already been stated that these parts of the curve represent 
metastable conditions, e.g ., superheated liquid and supersaturated 
vapour. The whole course of the dotted lines, however, has 
never been realised experimentally. 

It is possible, by choosing suitable values for p and 2\ to make 
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the cubic van der Waals’ equation have equal roots. When this 
happens, the two humps AB and CD coincide, and a ourve suoh as 
that shown at EF in Fig. 64 is produced. Comparing Fig. 64 with 
Fig. 61, it is seen that EF corresponds to the critical isotherm, CDE 
(Fig. 61). It should therefore be possible to calculate the critical 
Constants by making use of the conditions that the equation should 
have equal roots. 



Volume 

Fig. 64. — Theoretical Isotherms for CO t . 


When the three roots become identical, the root obtained, v, must 
be equal to the critical volume v e . 

v c = v 

and (v — v e ) 9 = 0. 

Expanding this, 

v * — — v* = 0 ( 1 ) 

Compare this with the expanded form of van der Waals* equation : — 
pv* — (RT + pb)v l + av — ab = 0. 

Bringing the coefficient of v 3 to unity, 

a f RT + pb\ # , Of ab ^ 

\ P ) P P 

When equation (2) has three equal roots, it must be identically 
equal to equation (1). 

Equating the coefficients of v* in the two equations, 

0 RT + pb ^ 

( 3 ) 

Equating the coefficients of e, 

it 

W 


* * 

L* ** 
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liquating the numerical terms, 


From (4) and (5), 



v, = 36 


W 

( 8 ) 


Since when all the roots are equal the values of v, p and T in the 
equation are the critical values, v„ p, and T„ the values of p and T 
obtained from equations (3), (4), (5) and ( 6 ) will be the critical 
values. Thus, from (5) and ( 6 ) 



P —Pt — 27 P 

Substituting ( 6 ) and (7) in (3), we have 


RT + 


a 

276 


a 

276* 


= 96 


(7) 


( 8 ) 


• T — T — 

• *~27 R 


Summarising these results : — 

®. = 36, 



(») 


These results may be used to calculate the critical temperature of 
carbon dioxide. 

Van der Waals obtained a, 6 , and R for carbon dioxide by substi- 
tuting Regnault’s values in his equation. In this way, a was found 
to be 0 00874, 

6 = 00023 
R = 1-00646/273. 

Hence T, = 8o/27B6 

8 X 0-00874 X 273 
“ 27 X 1-00646 X 0-0023 
- 305-6° Abs. 

The critical temperature is 305*5° Aba, 

= 32 - 5 ° a 


324 

LIQUIDS 

This is in comparatively good agreement with the observed value, 
3M° C. 

88. The Theory of Corresponding States.— Instead of using the 
volftme, pressure, and temperature of a gas in absolute units, the 
ratio of these quantities to the corresponding critical quantities 
could be used in van der Waals’ eauation. 

Let 

P * a T 

v ~p, ' ; t; 

The equation 

II 

-o 

1 

+ 

becomes 

f*Pc + (tVP - *) = RT'fi. 

Substituting the values previously obtained for p e , v e9 T ti we have 
(" 276* + 96v) (369 ~ 6) = 27l 6 

or 

("rt + (36<p - b ) = ma 

or 

+ £) (3? - 1 ) = 80. 


9 is called the reduced volume , tt the reduced pressure , and 0 the 
reduced temperature. It is seen that this is a perfectly general 
equation holding for all gases, since the values of the critical con- 
stants have cancelled out. Hence this equation represents, as 
accurately as van der Waals* equation can, the isotherms of any 
gas. If two substances with the same reduced pressure and 
the same reduced temperature are taken, they will have the 
same reduced volume. The accuracy of this can be judged by 
considering the following table. When two or more substances 
have the same reduced pressure and temperature they are said to 
be in corresponding states. The law of corresponding states says 
that when this is so, the volumes of the substances will be the same 
fraction of their critical volumes. 

In the table below, B for each set is approximately constant, and it 
is found that 9 (liquid) is approximately constant. The agreement 
is not so good for 9 (vapour). 

ft has been found empirically that the boikng points of substances 
*at atmospheric pressure are frequently about two-thirds of the 
critical temperature, both being measured on the absolute scale. 
This must not be regarded as perfectly general, but provides a 
certain amount of justification for comparing the properties of 
substances at their boiling points rather than at any other arbitrary 
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Table XXXVIII.— Corkespohdinj States* 


£ = w == 0-08846. 
P. 


Sufjstonce. 

T. 

j 9 (Liquid). 

! 9 (Saturated 
j vapour). 

Methyl alcohol . 

0-7734 

0-3949 

34-2 

Ethyl alcohol 

0-7794 

0-4047 

32-1 

Propyl alcohol 

0-7736 

0-4028 

31-1 

Benzene 

0-7282 

0-4065 

28-3 

Carbon tetrachloride . 

0-7251 

0-4072 

27-4 

Stannic chloride . 

0-7357 | 

0-4021 

28-1 

Ether . . . j 

0-7380 1 

1 

0-4030 

28-3 


9 (liquid) = 


vol. of liquid b 
critical vol. 


9 (satd. vap.) = 


vol. o f safcd. vapour 
critical vol. 


temperature, for the boiling points ?.re, approximately, corresponding 
temperatures. 


Table XXXIX.— Boiling Point and Critical Temperature 


Substance. 

B. i\ 

2’,, 

* Abs. 

Critical Te-np. 
T c 

• Abs. 

2V2V 

Sulphur dioxide . 

2630 

430-25 

0-611 

Carbon dioxide . 

194-5 

304 

0-640 

Chlorobenzene 

405-0 

633 

0-641 

Ether . . . j 

307-6 

466-8 

0-658 

Benzene 

352-6 

561 

0-629 

Water 

373-0 

647-3 

0-577 

Ammonia . 

234-5 

404 

0-580 

Acetic acid . 

391-5 

594-6 

0-658 


In some cases the critical temperature of a substance is equal to 
the sum of its boiling and melting points on the absolute scale.. 
The following table gives some examples of this. It will be noted 
that there are many deviations, and it must not be taken at all as a 
general rule. 

1 Data selected from values obtained by S. Young, 1892. For data for 
other substances see S. Young, 14 Stoiohiomstry ” (Longmans, 1909), p. 219. 
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Table XL. — Boiling and Melting Points 


Substanoe. 

Melting 

Point. 

r w . 

Boiling 

Point. 

T b . 

Tm + T* 

Critical 

Temp. 

2V 


° Abs. 

° Abs. 

° Abs. 

° Abs. 

Hydrogen . 

14 

20-3 

34-3 

38-5 

Oxygen 

54 

90 

144 

155 

Nitrogen 

62-5 

77-3 

139-8 

127 

Carbon dioxide 

208 

194-8 

402-8 


Ethylene 

104 

170-3 

274-3 

283 

Ether . 

156 

307-6 

463-6 

470 


80. Liquefaction of Gases. — It is now possible to liquefy, and even 
solidify, all the known gases. The historical development of the 
liquefaction of gases will now be considered. 

The first reference to an attempt to liquefy a gas was that of 
Boerhaave, who in 1732 tried to liquefy air. We now know that 
this attempt was particularly ambitious, for air resisted liquefaction 
for a long while. Boerhaave, like many another of the early workers, 
succeeded only in liquefying the water vapour in the air. 

In 1799, Von Marum liquefied ammonia, one of the more easily 
liquefied gases, at ordinary temperatures by subjecting the gas to a 
pressure of about three atmospheres. In the same year, de Morveau, 
de Fourcroy and Vauquelin liquefied ammonia by using a freezing 
mixture which enabled them to reach the temperature of — 40° C., 
at this time a record in low temperatures. About this time, too, 
Monge and Clouet liquefied sulphur dioxide, another of the easily 
liquefied gases, merely by cuoling. There is no doubt that erroneous 
conclusions were reached in much of this early work, owing to the 
very imperfect drying of the gases used, the condensation of the 
water vapour giving the impression that the gas itself had been 
liquefied. 

In 1805, Northmore carried out some of the most important of 
the early work, and succeeded in liquefying chlorine, hydrogen 
chloride, and sulphur dioxide by applying pressure ; but he failed 
with carbon dioxide, the apparatus exploding. 

The work of Faraday carried out in 1823 is well known. He 
used a V»tube, in one limb of which the gas was prepared, whilst in 
the other it was liquefied under its own pressure, and with the help 
of external cooling. Faraday liquefied sulphur dioxide, hydrogen 
sulphide, carbon dioxide, nitric oxide, oyanogen and ammonia ; and 
Davy, using the same method, liquefied hydrogen chloride. 
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Colladon tried to liquefy air by submitting it to high pressure and 
eooling. Air was confined in a thick glass tube, sealed with mercury, 
and so arranged that more mercury could be forced into the tube 
by hydraulic pressure. Although he reached a temperature of 
— 30° C., and a pressure of 400 atmospheres, the air was not 
liquefied. We now know that this was because the critical tem- 
perature had not been reached, and that no matter what pressure 
was applied above that temperature the gas would not liquefy* 

Thilorier, using a Faraday’s apparatus constructed of cast iron, 
tried to liquefy carbon dioxide, but the vessel burst. Later, 
however, he was able to liquefy, and even solidify, carbon dioxide, 
and was the first to use a freezing mixture of solid carbon dioxide 
and ether, giving a temperature of — 110° C., a temperature 
hitherto unreached. 

In all the cases described abovs, a gas was liquefied by the action 
of pressure and cooling, either together or singly. Certain gases 
amongst which were hydrogen, oxygen, 
and nitrogen, were found to resist x. 

liquefaction under these circumstances, 

and they were therefore called the u^^SeL 

" permanent gases.” They were not Klo . fl6 ._ F araday’. Tube, 
long to remain as permanent gases, 

however, for in 1877, Cailletet and Pictet succeeded in liquefying 
oxygen and hydrogen. 

The various methods for liquefying gases that were used later, 
depend upon the development of methods for producing intense 
cold. These methods may be summed up as follows : — 

(1) The use of freezing mixtures. 

(2) Cooling by the adiabatic expansion of cold com- 

pressed gases. 

(3) Cooling by the rapid evaporation of volatile liquids. 

(4) Cooling by the Joule Thomson effect. 

(5) Cooling by adiabatio demagnetisation (de Haas,. 

(1) Freezing mixtures were used quite early in the history of the 
liquefaction of gases, as the above account shows. However, their 
use is very limited, for it is difficult to obtain a freezing mixture 
which gives a sufficiently low temperature. 

(2) The method of cooling by the adiabatio expansion of a cold 
compressed gas was first made use of by Cailletet, who succeeded in 
liquefying air by this method. Air was expanded from high pressure, 
and the cooled air thus produced was used to cool incoming air. 
The effect was thus cumulative. 

Cailletet had the idea for this method rorced upon him more or 
less by accident, for he noticed that on reducing the pressure of some 
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gaseous acetylene, a thick mist was produced in the gas. Thinking 
this was only moisture he decided to try it with pure acetylene, and 
then discovered that the mist was actually made up of fine drops of 
the liquefied gas. 

Cailietet constructed an apparatus with which he could liquefy 
many common gases. The gas was contained in a thick glass tube 
over mercury, and mercury was pumped in to compress the gas. 
The apparatus was so designed that the pressure could be quickly 
relieved, so that the gas oould be alternately compressed and 
expanded with some rapidity. In this way he liquefied acetylene 
and nitrous oxide, and later carbon monoxide and oxygen, which 
had previously been regarded as “ permanent gases.” 



Another application of this method was made by Claude, who 
liquefied air. This process enjoyed considerable popularity. The 
apparatus is represented diagrammatically in the figure. 

The air was purified, and compressed to about 40 atmospheres 
and passed through the tube A into an apparatus B, in which 
it expanded, performing external work. The cooled and expanded 
air travels through the liquefier in the direction shown by the 
arrows, and finally passes along the outer tube of the heat exchanger 
A. In this way it cools the incoming gas, and this goes on until 
liquid air begins to collect in the liquefier. 

(3) The fact that a liquid could be cooled by its own rapid 
evaporation was known as early as 1755, when water was frozen by 
rapidly evaporating it. In 1862 the first ammonia refrigerator was 
made. The method depends, of course, on the taking up of the 
latent heat of evaporation of the substanoe. This heat must he 
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supplied from somewhere, and it comes from the liquid. It was 
found possible by rapidly evaporating one liquefied gas to obtain a 
temperature low enough to liquefy another gas, and in this way the 
use of excessive pressures was avoided. Pictet was the first to use 
what is called the “ cascade ” method of liquefying gases. Pictet 
cooled a gas, B, below its critical temperature by the rapid evapora- 
tion of another gas, A, and then used the evaporation of the liquid, B, 
to cod another, C, and so on. In one series of experiments, sulphur 
dioxide was evaporated round carbon dioxide, which then liquefied 
fairly easily, and carbon dioxide was then allowed to evaporate 
round a tube of oxygen. On allowing the oxygen to expand a mist 
was formed which Pictet thought was solid oxygen, but which was 
probably the liquefied gas. 

In 1883, Wroblewsky and Olschewsky cooled the condensing tube 
of Cailletet’s apparatus with ethylene evaporating under reduced 
pressure, and further cooled by solid carbon dioxide. A little 
liquid oxygen was thus obtained. 

It may be noted that the critical temperatures of hydrogen and 
helium (31° and 5-15° Abs. respectively) are so much below the 
temperatures attainable by the evaporation of gases of higher 
boiling point that the cascade method cannot be applied. 

The lowest temperatures recorded before the work of de Haas on 
adiabatic demagnetisation were obtained by the use of liquid 
helium, boiling under reduced pressure. In this way, Kamerlingh 
Onnes reached a temperature of 0-82° Abs., and Keesom one of 
0-71° Abs. 

v^(4) When a highly compressed gas is allowed to expand into a 
region of low pressure so that no work is done against external 
pressure, a slight cooling effect is noticed. This is called the Joule- 
Thomson effect. The cooling is due to the fact that internal work 
is done by the gas in overcoming the attractive forces between the 
molecules, which have already been referred to in dealing with the 
van der Waals* a factor (§ 81). This effect is to be carefully differ- 
entiated from the cooling produced when a gas expands adiabatically, 
for in this case the gas does external work. 

The Joule/Thomson effect would not exist if ft gas were perfect, 
for then there would be no attractive forces between the molecules. 
It is greater the lower the temperature. 

This effect is used in the Linde process for liquefying air. The 
apparatus is shown diagrammatically in Fig,, 67. The air to be 
liquefied is first freed from impurities (carbon dioxide and water 
vapour), which would otherwise condense and block the apparatus. 
The air then enters the inner tube of the concentric pipes at A at a 
pressure of about 200 atmospheres. This tube is hundreds of yards 
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long, and is coiled spirally to save space. By regulating the valve C, 
the air is allowed suddenly to expand in the chamber D to a pressure 
of about 50 atmospheres. The air, thus chilled, passes back through 
the tube B which surrounds the tube A. The incoming air is thus 
cooled even more before it expands. The air that passes first 
through the apparatus goes back to the pumps, where it is com- 
pressed again to 200 atmospheres and passed through the apparatus 
again. Finally, liquid air issues from the jet. The tubes are all 
surrounded with insulating material, such as wool, feathers, etc. 

Hydrogen behaves anomalously with regard to the Joule-Thomson 
effect. Instead of cooling when suddenly ex- 
panded, it warms up ; and so it is clear that 
this method could not be applied to the 
liquefaction of this gas. When, however, the 
gas is cooled to about — 80° C., it behaves 
normally, and after this point, cools on expan- 
sion. This temperature is called the inversion 
temperature . Dewar liquefied hydrogen in 1898 
by first cooling it to below the inversion 
temperature by means of liquid air, and then 
applying the ordinary Linde process. 

Helium also behaves like hydrogen, but has 
a much lower inversion temperature (— 240° C.) 
to which it can be reduced by cooling with 
liquid hydrogen. The Linde process is then 
applied, when the gas can be liquefied. 

Pig. 87.— Liquefac- Helium has been solidified by Kamerlingh 

^^grammatic)^^" O nne8 » who has carried out a great deal of 
research on the properties of substances at 
these very low temperatures. 

Liquid air is manufactured in large quantities for the preparation 
of oxygen, though usually the process is continuous, the liquid air 
not being separated. For this purpose, the Claude method is 
employed for the liquefaction of air, and the apparatus for this is 
coupled to a Linde oxygen column. 1 

(5) Debye (1926) and Qiauque (1927) came to the conclusion that 
when a magnetised body is demagnetised adiabatically (t.e., in such 
a way that heat can neither enter nor leave the system), the tem- 
perature of the body must fall. This method has been tested 
practically by W. J. de Haas. It can be shown that the effect is 
best observed at low temperatures, and by substances which are not 
ferromagnetic. Using cerium fluoride, cooled before the domagneti- 

1 For details, see 44 Inorganic and Theoretical Chemistry/* Sherwood Taylor 
(Bsinemann), §678 
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sation process by liquid helium, de Haas was able to reach a tem- 
perature of 0*27° Abs. ; later experiments, using dysprosium ethyl 
sulphate, gave a temperature of 0*14° Abs. ; and, in July 1933, a 
temperature of 0*085° Abs. was attained, using cerium ethyl sulphate, 
de Haas believes that it will be possible by this method to reach the 
Absolute Zero. 

The method is mentioned here merely as one of producing intense 
cold. It has not been, and is not likely to be, used for the liquefaction 
of gases. 

90. Summary. — By cooling and compressing gases, they may be 
liquefied. There is, however, a certain temperature above which a gas 
cannot be liquefied, no matter how great is the applied pressure ; this 
is the critical temperature. The pressure which must be applied at this 
temperature, to cause liquefaction, is called the critical pressure . The 
volume occupied by 1 gram-molecule of the gas at the critical tempera- 
ture and pressure is the critical volume. The values of the critical 
temperature, pressure, and volume may be obtained in terms of the 
van der Waals’ constants, a and 6, by expressing the condition that the 
van der Waals’ equation may have equal roots. The observed isotherms 
(pressure plotted against volume) of gases agree with the theoretical 
curve given by the van der Waals’ equation. The ratios of the pressure, 
volume and temperature of a gas to the critical pressure, volume and 
temperature respectively are called the reduced pressure , volume and 
temperature. When two or more substances have the samo reduced 
pressure and temperature, they will have the samo reduced volume 
(Law of CorrespoouLing States). 

Methods of liquefying gases depend upon the production of intense 
cold. This can be done (1) by the use of freezing mixtures, (2) by the 
adiabatic expansion of cold compressed gases, (3) by the rapid evapora- 
tion of volatile liquids, (4) by the use of the Joule-Thomson eiieot, 
(5) by adiabatic demagnetisation. 


SECTION 2. — PROPERTIES OF LIQUIDS 

A. Vapour Pressure 

91. Definitions. — Every solid and every liquid possesses a vapour 
pressure which is a measure of the tendency of the substance to 
evaporate. Over avery liquid there is a certain pressure of its 
vapour, the magnitude of which depends upon the temperature. 
Thus, if a liquid were to be sealed up in an evacuated tube, there 
would be molecules of the substance in the vapour state over the 
liquid, and they would exert a definite pressure. There is an 
equilibrium between the liquid and its vapour, as many molecules 
being lopt from the surface or the liquid and then existing as vapour, 
as re-enter the liquid in a given time. The pressure of vapour 
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which exists over any liquid or solid at any temperature, the 
equilibrium condition having been ^attained, is called the vapour 
pressure. 

The vapour pressure of a liquid varies a great deal with tempera- 
ture, and if the values of the vapour pressure are plotted against 
temperature, a curve of the form shown in Fig. 68 is obtained. 

When the vapour pressure of a liquid is equal to the pressure 
applied externally, the liquid boils, and evaporates freely. 

It has been found, however, that the presence of any indifferent 
gas reduces the pressure of vapour in equilibrium with its liquid, 
although this is contrary to Dalton’s Law of Partial Pressures. 
Hence, for accurate work, the boiling point of a liquid is defined as 
the highest temperature that can be reached by a liquid under a given 
, pressure of its own vapour when heat is 

applied externally and evaporation occurs 



Temperature 


Fig. 68. — General Form of 
Vapour Pressure-Temper- 
ature Curve. 


freely from the surface . 

At 100° C., the vapour pressure of water 
is 760 mm., and hence water would boil at 
100° C. when the pressure of water vapour 
over it is 760 mm. This will only differ 
a little from the temperature recorded 
when the total pressure is 760 mm. 

When the vapour is in equilibrium with 
its liquid, it is said to be saturated vapour. 
When the pressure is less than this value, 
the vapour is said to be unsaturated. 


92. Determination of Vapour Pressure. — This can be carried out 


by two general methods : (1) the static method, by which the 
substance is caused to evaporate in a Torricellian vacuum, and the 
depression of the mercury column is noted ; and (2) the dynamic 
method, in which the liquid is made to boil under a definite pressure, 
and the temperature of the vapour is noted. 

As an example of the first of these methods, two barometer tubes 
may be taken, filled with mercury, and inverted over mercury in 
order to form two barometers. One of these is kept for reference 
purposes, whilst about 1 o.c. of alcohql, or some other liquid is 


passed up the other by means of a bent pipette. After waiting a 
moment or two, the difference in height of the two barometers is 
measured, best by means of a cathetometer. This difference is due 


to the vapour pressure of the substance. There will also be a slight 
depression of the mercury due to the weight of the liquid added, 
but this may be neglected. The apparatus can be modified to give 
the vapour pressure at any given temperature by surrounding it 
with a heating jacket. 



VAPOUR PRESSURE 


233 


As a modem application of this method, the determination of the 
vapour pressure of carbonyl chloride below 18° C. may be quoted. 
Carbonyl chloride is a liquid which boils at 8° C. under atmospheric 
pressure. The apparatus used by the original workers (Atkinson, 
Heycock and Pope) is shown in Fig. 69. 

The pure liquid was distilled directly into the flask, A, which was 
provided with a thermocouple, T, by means of which the temperature 
could be determined with accuracy. The flask was connected to a 
differential manometer by means of which the vapour pressure could 
be determined. 

The method of Ramsay and ) j 
Young gives results of a high \ 

degree of accuracy. The apparatus \\\.n . . „ l<N 

is shown in Fig. 70. A boiling \ ' M [ f 

tube, with fairly strong walls and A .^v- — U 

provided with a side-tube, should f:/\ \fll 

be chosen for A. The rubber L . 1 I 

stopper closing this tube is pro- ; \ ° j I 

vided with a tap-funnel, and a [, . ; j I 
thermometer, the bulb of which is i C I 

surrounded with cotton-wool tied I 

on with thread. This should not I 

be too thickly covered. The stem I I | 

of the tap-funnel is bent so as just I 

to touch the cotton-wool. The 3 jj 

pressure gauge, B, consists of a long 1 n 

tube dipping into mercury. C is a V V JJ 

large bottle — a Winchester bottle 

answers the purpose quite well — Fig. 60. Apparatus for determin- 

1 1 * tn.r Vrm.Mir WnAumilu rtf Mttfhnnwl 


t 


Fig. 60. — Apparatus for determin- 


, a . ing Vapour Procure of Carbonyl 

and serves to minimise the enect ° Cliloride below 18° C. 

of leaks. D is a tube attached to 

a capillary, by means of which air can be slowly passed into the 
apparatus. The tube A is placed in a water-bath. 

The first step is to test the apparatus to see that there are no 
leaks, and this is best done by evacuating by means of the filter- 
pump until a pressure of about 25 mm. is reached. When the pump 
is turned off, and the tap closed, there should be no alteration in this 
pressure after ten minutes. Having made sure that there are no 
leaks, a drop of the substance of which the vapour pressure is 
required is allowed to drop through the tap-funnel. The water*bath 
is now heated to about 50° C., as indicated by a thermometer (not 
shown in Fig. 70). The temperature indicated by the thermometer 
in A will be less than that of the bath, and after a little while it will 
become steady when the vapour pressure of the liquid is equal to 



284 


LIQUIDS 


the pressure in the apparatus. Suppose that the ^temperature at 
the start is greater than this value. Then some of the liquid will 
evaporate and thus cool the thermometer. If the temperature is 
too low, some of the vapour will condense on the thermometer 
and warm it up. The steady temperature reached, and the height 
of the mercury in the pressure gauge, are read. When the latter 
reading is subtracted from atmospheric pressure, the vapour pressure 
of the liquid at the temperature of the thermometer in A is given. 

By admitting air into the apparatus through D, further readings 
may be obtained at higher temperatures. For this, of course, the 
temperature of the heating bath will have to be raised a little. 

Another method of determining the boiling point at different 



Fiq. 70. — Ramsay and Young's Apparatus. 


pressures, for that is all that has been done in the above experiment, 
has been devised by Smith ^nd Menzies. The same apparatus for 
producing the reduced pressure is used (Fig. 70). A bulb-tube of 
the shape shown in Fig. 71 is blown, and is partly filled with the 
liquid under examination. It is attached to the thermometer by 
means of thread, and the tube is covered with high boiling paraffin 
.placed in the boiling tube. The water- bath is heated to, say, 30° C. (it 
must be understood that this temperature will vary with the liquid 
used, and should be the lowest at which results of reasonable accuraoy 
oan be obtained), and the apparatus is evacuated. At first air 
bubbles, and later bubbles of vapour come from the bulb-tube, for 
the liquid is boiling- under the reduced pressure. Now the pump is 
turned off by closing the tap F, and air is allowed to enter very 
slowly through D, until bubbles just oease to come from the tube 
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This means that the liquid is just on the point of boiling at the 
pressure and temperature indicated by the pressure gauge and ther- 
mometer respectively. The temperature of the heating bath is 
gradually raised, so that readings of the vapour pressure may be 
obtained at various temperatures. For accurate results, a correction 
should be applied because the bulb-tube is immersed to a certain 
depth in the oil, which should be measured. The density of the oil 
may be taken as 0*9. 


Another method, that will be referred to again later in connection 
with the vapour pressure of solutions (§ 236), consists in passing a 
known volume of air over the surface of the liquid, and then deter- 


mining the amount of vapour that has been removed, 
by weighing the liquid before and after the experi- 
ment. 

93. The Effect of Pressure on the Boiling Point of 
a Liquid. — It is obvious from what has been said 
that increase of external pressure will result in a rise 
in boiling point of a liquid. Thus, when specifying 
the boiling point of a liquid, it is, strictly speaking, 
necessary to mention the pressure. Thus, water 
boils at 100° C. only when it is in the presence of a 
pressure of its own vapour equal to 760 mm. of 
mercury. Below this pressure the boiling point 



will be lower ; above it, it will be higher. Water Fio. 71.— Smith 
can be superheated only when the pressure is an< * Mermen* 
increased. pp 


The quantitative dependence of boiling point upon pressure can 
be obtained by the use of the Clapeyron-Clausius equation, which 
may be stated as 


dP L 
dT T (v v x ) 


where L is the molecular latent heat, v x and v arc the volumes of 
1 gm. mol. of liquid and vapour respectively at the boiling point T. 
This equation will be proved later (§ 319). It is thus seen that the 
rate of change of vapour pressure with temperature ( dP/dT ) is 
dependent upon the latent heat, and by a slight modification of the 
equation, the one may be calculated from the other. 

The volume of the liquid which can be obtained by condensing a 
given volume of vapour is usually quite small, and oan be neglected, 
so that the equation may be simplified to 


iP L 
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If it can be assumed that the vapour obeys the gas lavs (this is, of 
course, only an approximation), ve have 

Pv = RT 


or 


RT dP _ LP 

V * = P dT ~ RT'- 


fi) 


From this equation we can calculate the latent heat if we know 
dPjdT , or the converse. 

The best way of doing this is to proceed as follows. We know 
that 

d log, P 1 dP 
dT ~ P * IT 


Hence, the above equation may be written 

L _ d log, P 
RT 2 " dT 9 

from which 

L — RT dT • • • . . • • ( 2 ) 

If log, P is plotted against T, the curve obtained is almost a straight 
line, of which the slope is d log, PjdT, and can easily be found. 
Substituting in the equation, L can then be obtained. 

Another method which does not involve plotting can be used. 
If L does not vary much with temperature, we can integrate equation 
(1) above, obtaining 

L = [ £/ G\ ~ F 2 )] ■ log * ^ = R - • log * 

where P x and P 2 are the vapour pressures at T x and T 2 respectively. 
Substituting R = 2 gm.-cals., and converting to common logarithms, 
we have 

T x T 2 . p ; 


L = 2 x 2-303 ^^log 10 ^ 


As an example, we may calculate the latent heat of evaporation 
of water over the range 90°-100° C. The following data are given : 
At 90° C. the vapour pressure of water is 526 mm. ; at 100° C. it is 
760 mm. 

T x «= 363° P, * 526 

T, = 373° P t = 760 

, .*.i*2x 2303 x 3 -^i^log 10 ^ 

2 X 2-303 X 363 X 373 X 0-1598 


10 

10,200 gm.-cals. per gm. moi. 
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The latent heat in gram-calories per gram is thus 


10,200 

18 


= 566-5. 


This is the average over the temperature range 90°~100° C. The 
experiment value for the latent heat at 100° C. is 539, and at 90° C. 
549 gram-calories per gram. 

94. Relationship between the Boiling Points of Related 8ubstanoes> 
— By comparing the experimental values of the boiling points of 
various related liquids, Ramsay and Young discovered that there 
was a simple relationship between them. If the boiling points of 
the two substances under a pressure p x are T x and T %i whilst those 
under a pressure p 2 are anc * ^'r 



where k is a constant. 


It is to be noted that this relationship only holds between olosely- 



related substances, e.g. 9 benzene and toluene, chloro- and bromo- 
henecue, etc. 

For substances not very closely related the relationship beoomes 

£«|* + fc(ft-ft) (2) 

l is usually very small, and is zero for very closely related substances, 
for then, obviously, equation (2) is identical with equation (1). 

If TJT j is plotted against (ft — ft), a straight line should bo 

obtained, and this is usually the case. 

Examples are known, however, of definite deviations from the 
strai ght line, and it is supposed that these are due to some abnor- 
mality in one or both of the liquids compared, such as association 
«s , the existence in the liquid of molecular aggregates). Deviations 
aie most frequently found in substances containing the hydroxyl 
group, and it is known that these compounds are usually associated. 
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9B. Correction of Boiling Points to Normal Pressure— Crafts’ Rule* 


— The boiling point of a substance is usually determined under the 
atmospheric pressure prevailing at the time of the experiment. 
This will be slightly different from that at 760 mm., and for purposes 
of reference and standardisation it is necessary that all boiling points 
should be corrected to 760 mm. This can be done by using a rule 
put forward by -Crafts, based on the rule of Ramsay and Young, just 
discussed. The correction to be added to the boiling point observed, 
ST 9 is given by 

ST =*cT 0 (760 - P) 

where T 0 is the observed boiling point, P is the pressure at which it 
is measured, and c is a constant. The constant c has the value 


1 dT 0 
T'dP 9 


where T is the normal boiling point. 


For pure, normal liquids, the value of e is in the neighbourhood 
of 0-00012, but varies a little from substance to substance, and the 
value employed in any given case should be derived, if possible, 
from some closely related substance. 

A few values of the constant, c, are given in the table below. 


Table XLI. — Crafts’ Rule 


Substance. 

e 

Substance. 

e 

Benzene 

0-000122 

Methyl alcohol 

0 000100 

Toluene 

0-000120 

Ethyl alcohol 

0-000094 

Naphthalene . 

0 000119 

Acetic acid . 

0 000107 

Ethyl ether . 

0-000121 

Water . . . 

0-000100 

Ethyl acetate 

0-000114 

Chloroform . . i 

> 

0-000119 


B. Molbculab Volume 

96. Definition. — The molecular volume of any substance is the 
volume in cubic centimetres occupied by the molecular weight in grams. 
It is obvious that it can be obtained by dividing the molecular 
weight of the substance by the density. 

If Avogadro's Hypothesis were quite accurate, the molecular 
volumes of all gases would be the same, and equal to 22,414 c.o. 
Since it is not quite accurate, there are small deviations from this 
number for most gases. 

It was owing to the application of Avogadro’s Hypothesis to 
gases that the molecular volumes of solids and liquids were invest!- 
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gated, in the hope -that a similar generalisation might be made 
Ahere. The success of this line of research was, however, very 
limited. With solids practically no useful results have been 
obtained, but with liquids there has been somewhat more success. 

Dealing with the molecular volumes of solids, in a few cases this 
property has been found to be additive. Thus, if the molecular 
volumes of the halides of the alkali metals are compared, the 
substitution of one halogen for another is found to make the same 
difference in the molecular volume, and the substitution of one metal 
for another gives a characteristic difference in the molecular volume. 
This is clearly shown in the table below : — 

Table XLII. — Molecular Volumes of Alkali Halides 


Salt. 

Molr. Vol. 
0 . 0 . 

Pair. 

Diffce. 

Pair. 

Diflfo®. 

Nad 

27-1 

KC1 


NaBr 


KC1 

37-5 

— NaCl 


-Nad 

fi-7 



KBr 


KBr 



33-8 

— NaBr 


-Kd 

6*8 

KBr 

44-3 

KI 


Nal 


Nal 

43*5 

-Nal 


-Nad 

10-4 

KI 

640 



KI 






- Kd 

10-5 





Nal 

— NaBr 
KI 

9-7 





-KBr 

9-7 


An interesting point in this connection has to do with water of 
crystallisation. This may be attached to the anion of the salt or 
to the cation. In the two cases the molecular volume of the water 
is different. In the case of blue vitriol, it is well known that of the 
five molecules of water of crystallisation, four are more or less easily 
driven off, whilst one is held much more firmly, and it has been 
suggested that it might be called water of constitution. It is now 
known that the four molecules which are easily detached, are 
attached to the cation, whilst the other one is attached to the anion. 
Cationic water has a molecular volume of 14*6 c.c., the same as that 
calculated for ice at absolute zero. The molecular volume of 
anionic water is 10*0 c.c., which is the same as that found when 
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water combines with oxides to give acids, or bases. There is 
obviously a greater degree of combination in the second case. 

97. Molecular Volumes of Liquids.— Kopp was the first to make 
an exhaustive study of molecular volumes. The first difficulty that 
confronted him was to decide at what temperature to measure the 
density. He took as his standard the boiling point of the liquid at 
atmospheric pressure. This was more or less an accident, but it 
was shown later to have been the right thing to do, for the boiling 
points are approximately the same fractions of the critical tempera- 
tures (§ 88). Other investigators have used other arbitrary 
temperatures, but whilst there are advantages associated with some, 
in general it may be said that the boiling point temperatures give 
the most regular results. Kopp’s determinations were made by 
finding the density at ordinary temperatures, and then calculating 
that at the boiling point from observations of the coefficient of 
expansion. Since then, however, direct methods of determination 
have been devised. 

As a result of his observations, Kopp propounded the law : “ the 
molecular volume of a liquid is equal to the sum of the atomic volumes 
of its constituent atoms ” 

This law is far from being exaot. It is, however, approximately 
true. It has been found, and it is to be expected, that constitution 
plays a big part in deciding the molecular volume. It is to be 


Table XLIII. — Molecular Volumes of Isomers 


Substance. 

Mol. 

Vol. 

C.C. 

Dlffce. 

% 

Substance. 

Mol. 

Vol. 

c.c. 

Dlffce. 

% 

n Hexane . 

140-0 

■ 

Propyl aldehyde 

75-4 

2-4 

Diisopropyl • 

136-5 


Acetone 

77-2 


n-Heptane 

162-6 

0-37 

Ethylene chloride . 

85-3 

4-0 

Isoheptane 

162-0 


Ethylidene chloride 

88-9 


ti-Propyl alcohol 

■ 81-2 

1-9 

Aniline 

106-4 

4-6 

leopmpyl alcohol 

82-8 


Picoline 

111-5 


Methyl propyl ether . 

105-1 

3-2 

Ethyl benEoate 

174-6 

2*4 

Butyl alcohol 

101-9 


Phenyl propionic acid 

170-4 


n -Butyric acid . 

108-2 

0*6 

Diethylamine 

109-0 

2-6 

Isobutyrio acid • • | 

108-9 


Butylamine . 

106*2 
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expected that the atoms in a molecule will exert some influence on 
each other, and in some way distort the size of the atoms. That 
this is the case is easily seen from Table XLIII., giving the 
molecular volumes of isomeric compounds. Obviously, if Kopp’a 
Law were correct, the molecular volumes of isomers should be the 
same, since they are made up of the same atoms. As the table 
shows, there are a number of differences, the largest being found 
where the isomers fall into two distinct classes, involving a complete 
change in constitution, e.g. 9 methyl propyl ether and butyl aioohoL 
This, however, is not always so. The di chiore thanes, for example, 
give large differences. 

Besides giving the above law, Kopp made the following deduc- 
tions : — 

(1 ) Among analogous compounds, the same difference of moleoular 
volume corresponds to the same difference in composition. 

(2) By replacing two atoms of hydrogen by one atom of oxygen, 
the molecular volume is unchanged. This was later found to be 
untrue (see below). 

(3) The atomic volume of carbon is twice that of hydrogen. 

Kopp first found the molecular volume of the CH, group by 

considering a homologous series. Table XUV. shows the mean 


Table XLIV. 1 — Values for OH, 


Serf™. ! 

i 

No of 

1 :iti rviils. 

Maximum and 
Minimum. 

Mean. 

Alcohols . 



8 

19-7-22-4 

21-1 

Fatty acids 



8 

21-6-23-4 

22-4 

Aldehydes (aliph.) 



4 

19-0-22-0 

20-7 

Amines (aliph.) . 


• 

5 

20-4-20-6 

20-5 

Alkyl iodides 



* 10 

21*1-24-3 

22-6 

Paraffins . 


. 

13 

— 

22-7 

Esters 



15 

21-2-27-7 

24-4 

Olefines 



5 

20-3-23 1 

21-8 


Paraffins 


Paraffin. 

Mol. VoL 

Difference. 

Paraffin. 

| Mol. Vol. 

Difference. 


38-5 

_ 

CjHji 

m 

21-8 


56-7 

18-2 

c . H 14 

■B 

22-1 


74*6 

17-9 

C,H„ 

m 

22-0 


96-0 

21-4 

C,H X , 

186-2 

23-7 


* The data for Tables XLIII. and XLIV. have been obtained from J. B. 
Cohen's " Organic Chemistry for Advanced Students," Vol. 11. (Amoks). 
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values of the moleoular volume of the CH 2 group obtained from 
many different homologous series. It will be noted that the value 
varies a good deal. Thus, in the series for the normal paraffins, 
shown in the second table, the value for CH 2 gets progressively 
greater as the series is ascended. 

Kopp found the value 22 for CH 2 . Using the third rule men- 
tioned above, it follows that the amount due to C must be 11, and 
that due to H, 5*5. Then, from the second rule, O must be 11. 

He soon found, however, that oxygen was a peculiar element to 
deal with. Its molecular volume varied with the states of its 
combination. Thus if the oxygen occurred in a carbonyl group it 
had a different value from that found when it occurred in the OH 
group or in an ether. The value for 0 in C=0 is 12*2, whereas, for 
that in OH or in ethers, it is 7*8. 

The table below shows the values that have been arrived at for 
the different elements. 

Tablbi XLV. — Molecular Volumes of the Elements 

C . . 11*0 Br . 27*8 O in OH or in ethers . 7*8 

H . 5-5 I 87*5 O in >CO . . 12*2 

a . . 22*8 

As an example, the molecular volume of acetone may be calculated. 

0 

Assuming its structure to be CH S . C^CHj, the molecular volume is 
given by 2 (27*5) + H O + 12*2, (2CH S + CO) - 78-2. 

Now, the molecular weight of acetone is 58, and its density at the 
boiling point is 0*78 gm. por c.c. The molecular volume observed 

is, therefore, = 74*35. 

98* Determination of Molecular Volume*— This involves determi- 
nation of the density of a liquid at its boiling point. The old 
method used was to determine the density at 0°C., and then 
determine the coefficient of expansion of the liquid. From this, the 
density at the boiling point could be calculated. It is, however, 
quite easy to determine the density of a liquid at its boiling point 
directly. 

The density of the substance, say ethyl acetate, is first determined 
at room temperature by means of a density bottle. A small bulb, 
of the shape shown in the figure, is weighed empty, and is then filled 
with ethyl acetate by warming and allowing to oooJ with the open 
end under ethyl acetate in a dish. The bulb filled with ethyl acetate 
it weighed. The difference in the two weighings gives the weight 
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of ethyl acetate taken, and since the density hae been determined, 
the volume of the bulb can be calculated. The bulb is then sus- 
pended inside a flask containing ethyl acetate and provided with a 
reflux condenser. The ethyl acetate is boiled, and after a short 
time the liquid in the bulb reaches the boil- 
ing point. It expands, and a certain amount 
of the liquid flows out into the flask. 

When the liquid lias been boiling for some 
minutes, the flask is allowed to cool, the 
liquid in the bulb contracts, and the bulb is 
taken out and weighed. The result gives 
the weight of ethyl acetate filling the bulb 
at the boiling point. The volume of the 
bulb is known, and hence the density at the 
boiling point can be calculated. The 
molecular volume is deduced by dividing 
the molecular weight of the substance by 
its density at the boiling point. The error 
in this method arises from the fact that no Fio. 73.— Tube for 
account has been taken of the expansion of M jj© te rm i nation™ 

the bulb when it is heated to the boiling point 
of the liquid. The actual volume occupied by the liquid at the 
boiling point is not the volume of the bulb at room temperature, 
but that at the boiling point, which will be a little greater. 

C. Surface Tension 

09. Definition. — Every liquid behaves as if it were enclosed by a 
skin or membrane. The surface of a liquid tends to contract, so 
that it must be under tension. 

The surface tension is defined as (he force in dynes acting upon a 
line of 1 cm. length in the surface of the liquid . Thus imagine that a 
cut of 1 cm. length is made in the surface membrane (the membrane, 
of course, does not exist, but the liquid behaves as if it does), there 
would be a force on each side of that line tending to open the slit, 
equal to the surface tension. Imagine a sheet of rubber stretched 
across the top of a beaker. The material is under tension. If a 
slit were to be made in the rubber, which was still kept under the 
same tension as before by some mechanical means, there would be a 
force on each side of the slit tending to open it. 

The reason for the existence of surface tension has been mentioned 
when dealing with the critical phenomena ($ 81). The’ molecules 
of a liquid attract one another. A molecule in the bulk of a liquid 
j* affected equally on all sides, but one at the boundary is only 
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affected on one side. It is therefore acted upon by a force which 
tends to drag it into the interior of the liquid. That is why liquid 
surfaces are characterised by the fact that they tend to become as 
small as possible. A drop assumes a spherical shape, because 
this is the form that has the smallest surface area for a given 
volume. 

It is surface tension that produces the elevation of a liquid in 
a capillary tube, and this phenomenon can be made use of for the 
measurement of surface tension. 

vlOO. Determination of Surface Tension. — There are many methods 
which can be used for the determination of 
surface tension, all of which will be found 
described in text- books of physics. We shall 
describe here, briefly, two of them — the two 
which are most convenient, and are the most 
frequently used in the physical chemistry 
laboratory. 

v(a) The Capillary Rise Method . — If a capillary 
tube is placed in a liquid it is found that the 
liquid usually rises in the tube. In one common 
case it falls, viz., mercury. Assuming that the 
liquid rises, suppose it reaches a height A above 
the level of the liquid outside. Suppose the 
density of the liquid is d t and the radius of the 
capillary tube is r. Then the force due to 
surface tension is 27rry, since the periphery is 
27 rr, and the surface tension y . This must be 
equal to the mass of liquid raised, irr 2 hdg. Hence, 

2irry « nr 2 hdg , 
rhdg 

v= — 

This is only the very elementary theoretical treatment of the 
problem. For the corrections due to angle of oontaot, text-books of 
physics should be consulted. 

To oarry out the experiment, it is seen that it is necessary to 
determine the radius of the tube, and the height to which the liquid 
rises. The density of the liquid must be known, or must be found 
by another experiment. The radius of the capillary is best found 
by placing a thread of mercury 2 or 3 om. long inside the tube and 
measuring its length at different points along the tube. If the 
length varies, another tube should be taken, for this indicates that 
the bore is not uniform. When the length has been measured 
accurately, the mercury is removed from the tube and weighed. 


h' 



Fio. 74.— Riae of 
Liquid .n a Capil- 
lary Tube. 
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From the weight of the mercury, and its density, the latter being 
supposed known, the volume of the mercury can be obtained. 
The length occupied by the mercury in the tube is measured, so 
the area of cross-section and also the radius of the tube can be 
derived. 

To determine the height to which the liquid rises in the tube, it 
is customary to use a cathetometer or travelling 
microscope. 

From the results, the surface tension can be 
calculated, using the formula derived above. 

\/{b) The Drop-weight Method . — The size of drop 
issuing from a capillary orifice is governed by the 
surface tension of the liquid. It was at first 
thought that the weight of a drop was pro- 
portional to the surface tension, but it is now 
known that the relationship is not so simple as 
this. Mathematical expressions have been derived 
for the relationship between the surface tension, 
radius of the tube, drop-weight, etc., from which 
the absolute value of the surface tension of a 
liquid can be obtained. The method is, however, 
more frequently used to compare surface 
tensions. 

The instrument employed is called a stalagrao- 
meter, and consists of a bulbed capillary tube, as 
shown in the figure. The tube is first cleaned out 
thoroughly with chromic acid mixture, and then 
with distilled water, and dried. It is then filled 
to the top mark with the liquid under observation. 

This is done by sucking up, as in a pipette. 

The tube is placed over a weighed weighing 
bottle, and 10 drops are allowed to fall into it. 

The rate at which the drops fpJl should be 
adjusted so that they come at about one every JJIi» 

two seconds. If the liquid falls faster than this, 75. 

the drops may not be properly formed, and may Stalagmomater. 
be too small. The weight of the 10 drops is found. 

The apparatus is then carefully cleaned out, and the experiment 
repeated with the other liquid. If m l and m s are the masses of 10 
drops of the two liquids, and y x and y 2 are the surface tension? 

Yt 

If the surface tension of one liquid is known, that of the other is 
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readily calculated. Thus, if it is required to find the surface tension 
of benzene, the drop-weights of water and benzene would be com- 
pared, the surfaoe tension of water being known, having been 
determined by some other method. 

It is sometimes easier to determine the number of drops formed 
by a certain volume of liquid, instead of finding the mass of a drop. 
In this case the stalagmometer is filled to the top mark with the 
liquid under test, and the liquid is allowed to flow from the apparatus 
until the lower mark is reached, the number of drops being counted. 
The purpose of the small graduated portion of the tube is to enable 
fractions of a drop to be judged. The same procedure is adopted 
with the other liquid. Suppose that one liquid, of density dj, 
produces drops, its surface tension being y v and that the other 
liquid of density d %9 and surface tension y a , produces drops. 
Then 

y, 771, vd A n 2 9 y l llydi 

y 2 wij vd^fi^ y a 

The advantages of the drop-weight method are that it can be 
used at various temperatures by placing the whole apparatus in a 
thermostat, and that reliable results can be obtained rapidly. It 
suffers from the disadvantage that it is difficult to use for absolute 
determinations, and that the tip of the tube must be kept perfectly 
clean, otherwise bad results will be obtained. Care must be taken 
to avoid vibration during an experiment. 

J 10L Variation of Surlace Tension with Temperature. —The surfaoe 
tensions of all substances vary with temperature. Usually there 
is a decrease as the temperature is increased. At first sight, over 
small temperature ranges, the relationship between surface tension 
and temperature appears to be linear, but when larger temperature 
ranges are used the graph of surface tension against temperature 
shows a curvature. 

Van der Waals puts forward an equation expressing the relation- 
ship, which has been modified by Sugden to the form 

y»y.(]-T r )f (1) 

where T f is the reduced temperature (p. 224), and y 0 is the surface 
tension of the supercooled liquid at absolute zero, y is the surface 
tension at the reduced temperature T r . 

This equation is found to hold with some aoouraoy for most 
normal liquids, but there are deviations for liquids which are known 
to be associated, e.p., the alcohols. 

102. MacLeod’s Equation. — There is a relationship between 
surfaoe tension and density which has been found extremely useful, 
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as it forms the basis of the parachor (see next section). The equation 
was discovered by MacLeod in 1923, and states that 

Y - G (D - d)* (1) 

where y is the surface tension, D is the density of the liquid, and d 
the density of the vapour, measured at the same temperature. The 
constant C is found to be independent of temperature, and the 
equation holds with accuracy over a large temperature range for 
normal liquids. 

Reverting now to the effect of temperature on surface tension. 


Ramsay and Shields found that if the quantity y 


[£?• 


where M 


is the molecular weight, was plotted against temperature a straight 
line was obtained. What is the significance of y I — J ? The mole- 


cular volume is and hence ST may represent the mole- 
cular surface. The surface tension measures the surface energy, and 


hence y 




the molecular surface energy. The straight line 


referred to above does not pass through the origin, but the equation 
of the line is 

[g ] 5 HT.-t-d) 

where T r is the critical temperature, and 1 is the temperature of 
observation. This equation is referred to as the equation of 
Ramsay and Shields. 

Some time previous to the derivation of this expression, Eotvos 

had put forward the equation y = k (T, — T) t which is not 

so aocurate as the Ramsay and Shields' equation. 

This equation has been derived more recently by considering the 
effect of temperature on surface tension and on density. The 
equation of van der Waals and Sugden has already been mentioned 
(last section), 

y - v. (1 - T,)t (2) 

It has been shown by Sugden that if the surface tension, y, is 
eliminated from MacLeod's equation and from the equation just 
given, an expression of the form 

(D-d) - D.(l - T,)* .... 


. . m 
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is obtained connecting density and temperature. D 0 is the density 
of the supercooled liquid at the absolute zero. 

It follows from (3) that 


( M V _ fM\i 1 
\D-dJ “ \Dj • (1 - T r )i. 

Combining this with (2) 






-r,) = 


ft' (r, - r). 



(T. - n 


This is Katayama’s form of the Eotvos equation— y 



k (T c — T ) — the forerunner of the Ramsay and Shields’ equation. 

Ramsay and Shields’ equation is somewhat better than the Eotvos 
equation, but that of Katayama is better still, especially if T e — 6 is 
substituted for T c , making the equation 


It was at first thought that the value of the constant h or k’ in 
these equations was the same for all normal liquids, and equal to 
2*12. If any liquid gave a constant differing from this it was 
supposed to be abnormal. Many liquids, known from other 
experiments to be associated, such as the alcohols and water do give 
constants differing widely from 2*12, but it has since been shown 
that some perfectly normal liquids give anomalous values for k, so 
that this is no criterion of abnormality. (See association of liquids, 
p. 271.) 

103. The Parachor. — It has been seen in dealing with molecular 
volume that the value of this property is, on the whole, additive, 
but that there are irregularities, even when the molecular volume is 
found at the boiling points, which are corresponding temperatures. 
The chief reason for this is the fact that every liquid has an internal 
pressure, due to the existence of attractive forces between the 
molecules. The internal pressures of various liquids are quite 
different, even at corresponding temperatures, and it is therefore to 
be expected that there will be anomalies in the molecular volumes. 
If we could correct for the varying internal pressure, we should 
obtain a property which would be truly additive. 

To a certain extents surface tension is a measure of internal 
pressure, for it is governed by the attractive forces between the 
molecules. The only reason why there is such a phenomenon a* 
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surface tension is because there is an inward force acting on the 
molecules at the surface (§ 99). We look to surface tension, 
therefore, to throw some light on the correction to be applied to 
molecular volumes in order to make them free from anomalies. 

For this purpose, Sugden made use of MacLeod's equation con- 
necting surface tension and density, 

y = C (D — d) A . 


Another way of writing this equation is 


Ci » 


yi 


D-d' 


Hence, for any liquid of molecular weight J/, 

(b^i) <*-*<*- n 


is constant. The constant [P] is called the parachor. Since d is 
very small compared with Z), the expression becomes the molecular 
volume multiplied by the fourth root of the surfaoe tension. In 
other words, the parachor is a measure of ike molecular volume 
at temperatures at which different liquids have the same surface 
tension. 

The parachor is an additive property. There are definite values 
associated with each atom, and also with various structures, such 
as the double and triple bonds, the rings, etc. The table below 
gives some of the values in common use : — 


Table XLVL— Paraohors 


H « 17-1 

Triple bond 

48*6 

C *= 4-8 

Double bond 

232 

0 = 200 

3-Ring 

16-7 

N = 12*5 

4-Ring 

11-0 

S = 48-2 

5-Ring 

8-5 

Cl = 54-3 

6-Ring 

61 

Br = 680 

Single bond . . 

0*0 (arbitrary) 

I = 910 

Semipolar double bond - 

- 1-6 

P = 37*7 

O s in esters 

600 


It is obvious that, since the parachor is a strictly additive pro- 
perty, it cannot be used to differentiate between isomers, unless 
these have certain structural differences. 

104. Uses of the Parachor. — (1) In deciding constitution, hi 
many cases the parachor has been of great use in deciding the 
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structure of a substance. For example, two structural formula 
have been proposed for quinone, 


O 



/ 

II 

0 


I II 

To decide between these two, the value of the paraohor may be 
determined. 

To calculate the parachor for a substance of formula I, the 
values given in Table XLVI. are used. 

6 Carbon atoms = 0 x 4-8 = 28*8 

4 Hydrogen atoms = 4 X 17-1 =* 68*4 

2 Oxygen atoms =2 x 200 = 400 

4 Double bonds — 4 X 23-2 = 92*8 

1 Six-membered ring « 6-1 

236-1 

The paraohor of the substance of formula II is obtained in a similar 
way : — 

6 Carbon atoms *= 6 x 4*8 = 28-8 

4 Hydrogen atoms =4 x 17-1 = 68-4 

2 Oxygen atoms = 2 X 20*0 =« 40-0 

3 Double bonds — 3 X 23-2 =® 69*6 

2 Six-membered rings = 2 X 6-1 = 12-2 

219-0 

The value found by experiment is 236*8, indicating that, without 
doubt, the first is the correct formula. 

Acetaldehyde condenses to form paraldehyde, which is made up 
of three molecules of acetaldehyde. The parachor of paraldehyde, 
however, is 298*7, which is much less than three times the parachor 
of aoetaldehyde (121*2 X 3 =» 363*6). The atoms must therefore 
be arranged in a somewhat different manner in paraldehyde from 
aoetaldehyde. A cyclic formula for the substance (I) has been 
suggested, and this gives a parachor of 300*1. whereas the straight 
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ohain formula (II) gives a parachor of 317*2. It is then that 
paraldehyde possesses a ring structure. 



CH 8 . CH(OH) . CH 2 . CH(OH) ,CH t . CHO 


n 


Another example of the use of the parachor in deciding structural 
problems, is the application to the determination of the constitution 
of the chlorides of certain dibasic organic acids. The formula usually 
assigned to these compounds is I (below). Sometimes, however, 
they appear to behave as if they had the constitution II (below). 
Suocinyl chloride, for example, has been regarded as a mixture of 
the two forms, though more recent chemical evidence leads to the 
conclusion that it is best represented by the symmetrical formula 1. 


Cl 



i n 


Pbthaly! chloride exists in two isoraerio forms, one having the 
melting point 15°, the other 88*5°. It has been stated by Ott and 
Pfeiffer that the lower melting form is the more stable, and has a 


Substance 


IP] cate 

P obs 

Frmula 

l 

Formula 

(1 

8uociny) chloride 

282*6 

282*6 

267*9 

Phthalyl chloride (m.p. f6°) • 

373*9 

377-6 

362-8 

Phthalyl ehionde (m.p. 88*5°) 

367*8 

877-6 

862*8 
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symmetrical formula, whilst the higher melting point modification 
has the unsymmetrical formula. The evidence provided by the 
parachor as to the structure of these compounds is summarised in 
the table on p. 251. 

It is clear that succinyl chloride possesses the symmetrical formula. 
With phthalyl chloride the parachors do not agree with the 
theoretical for either form, though it is clear that the parachor of 
the higher melting form is less than that of the lower melting one. 
This would indicate that the higher melting form was the one with 
the unsymmetrical formula. Actually, there was a progressive 
change in the nature of the substance during the determination of 
the surface tension, so that the deviations from the theoretical 
values are easily explained. It is seen, then, that in this case the 
parachor supports the chemical view. 

The structure of benzil and its derivatives has also been investi- 
gated by this method. They have been variously regarded as 
diketones or as peroxides (I and II respectively). 

R— C — 0 — R R — C=C — R 

n <u 

1 T1 

The parachor of benzil is 480*8, whereas that calculated from 
formula I is 476*0, and that from formula II is 464*4. Benzil, 
therefore, possesses the diketone formula. 

Many other structural problems have been elucidated by means 
of the parachor, for details of which the reader should consult 
Sugden’s “ The Parachor and Valency .” 

(2) The concept of the parachor has been of use in questions of 
valency , and particularly because it indicates the existence of two 
kinds of double bond. If we draw up a table showing the parachors 
for a series of compounds containing double bonds, wo find that in 
some cases the parachor for the double bond has a positive value 
about 23, whilst in others it has a negative value of about — 1*6. 

According to the electronic theory of valency there are two 
types of bond— one eleetrovalent, the other covalent. In the first 
instance, electrons are completely transferred from the orbit of 
one atom to that of the other, whilst in the second, the electrons 
are shared (see Chapter IV.). A double bond can therefore be made 
up of (a) two covalencies, (b) two electrovalencies, (c) an arrange- 
ment analogous to one covalency and one electrovalency. In the 
first case, the parachor has a positive value of about 23 ; in the 
second, no positive information of what would happen is available, 
for most of the substances having this type of linkage are inorganic 
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solids, and so far no experiments hare been devised to oope with 
them ; in the third case we have the negative paraohor, — 1-6. 
This third type of linkage is called the co-ordinate linkage, or the 
semipolar double bond, and exists in substances like thionyl chloride, 
C1,S=±0. 


Table XLVII. — Parachors op Substances containing 
Double Bonds 




[P| ob«. 

!Pl ceir. 1 

Difference. 


( Ethylene CH, » CH, 

09-5 

78*0 

21*5 

Containing 

Acetone CH.\ n ^ 

ch 8 / c “ 0 • 

161*5 

137-0 

24-5 

oo valent 
linkages. 

✓ s 

Carbon disulphide 

144-7 

101-2 

21-8x2 


k Nitrosyl chloride C1.N=0 

10S-1 

80-8 

21-3 


! Phosphorus * 

oxychloride C1 3 P r .* O 

217-6 

220-6 ! 

i 

-3-0 


Thionyl chloride Cl 2 S~-0 

174-5 

176-8 

i -2-3 

Containing 
oo-ordin&te ' 

Dimethyl CH s O 

sulphate 

| 238-9 

240-4 

1 

|-0-75x2 

linkages. 

CH 3 (j ^0 
Sulphury l y o 

chloride 01 

^0 

! 193-3 

S 

j 

i 

! 190-8 

1 

1 .. 

i 

-1-65x2 


1 The sum of the paraohors omitting the double bond. 


105. Molecular Volumes at Absolute Zero. — The MacLeod 
equation (§ 102), 

y = C(D-tf ) 4 fl) 

c onn ects the surface tension y with the density D of the liquid, and 
that, d, of the saturated vapour. 

Van der Waals proposed an equation connecting surface tension 
and temperature (§ 101). 

y = y. (1 - T,)* (2) 

T f is the reduced temperature, and yj the surface tension of the 
supercooled liquid at absolute zero. 
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Combining (1) and (2), we. have 
y.(l-T r )i-C{D-df, 

or (D - d) - c, (1 - T r )&. 

When the supercooled liquid at absolute zero is considered, 

T r » 0, and e x = (D 9 — d 9 ) = Z) f (approx.), 
where Z) 0 is the density of the supercooled liquid at absolute zero, 
and d 0 is that of the saturated vapour at that temperature. It is 
thus possible to obtain the density of a liquid at absolute zero, and 
by dividing this into the moleoular weight, the molecular volume V 0 
at the absolute zero is derived. This quantity is also called the zero 
volume. 

Zero volumes have been calculated in this way by Sugden (1927), 
and a series of atomic and structural constants has bjeen drawn up. 
Biltz (1926-27) has also derived a series of zero voluhies by quite 
other methods, including extrapolation of liquid densities, densities 
in the solid state, and limiting molecular volumes obtained from the 
X-ray analysis of crystals. Unlike Sugden, who supposed that the 
zero volume was a simple additive relationship, Biltz finds that the 
relationship is of the form V 0 = X (nv 0 /m), where V 0 is the zero 
volume of the compound, v 0 the zero volume of any one constituent 
free element, and n/m a coefficient. The last is frequently unity, 
but for hydrogen it is equal to 0-5. Although the methods used by 
Biltz were entirely different from that of Sugden, the structural 
and atomio constants derived by both investigators agree fairly 
well. 

It is clear that it ought to be possible to calculate the distances 
between the molecules in a compound at absolute zero from the 
observations of zero volumes. This has been done by Sugden (1929). 
The results obtained bear a constant ratio to those derived by other 
methods (viscosity and the parachor respectively) ; this ratio can 
be adequately explained. It is considered that the parachor, 
comparing as it does the molecular volumes at equal surface tensions, 
largely eliminates the effects of the intermolecular fields, and so 
gives different results for the molecular diameters from those 
obtained from zero volumes. 

Zero volumes are probably not strictly additive, as some molecules 
will have peculiar intermolecular fields. When the effect of the 
latter is eliminated, a truly additive function would be expected, 
and indeed is found in the parachor. 

D. Viscosity 

106. Definition. — All liquids possess a certain resistance to flow, 
which is oaiied their visoosity. It is really a frictional effect due to 
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the passage of one layer of liquid over another, and is sometimes 
referred to as such. 

The coefficient of viscosity is defined as the force required per unit 
area to maintain unit difference of velocity between two parallel planes 
in the fluid , one centimetre apart. 

The smaller the coefficient of viscosity, the more rapidly does the 
liquid flow. The greater it is, the less rapidly does the liquid flow. 
Oils, and liquids like glycerine, have a very high coefficient of 
viscosity, whilst ether and liquids which we are accustomed to call 
“ very mobile,” possess a low coefficient. 

The coefficient of viscosity is expressed in dynes per sq. cm. The 
unit of viscosity is called the poise (from the name of the investigator 
who did most of the early work in the subject — Poiseuille). 

107. — Determination of Viscosity. — It can easily be shown that 



Fig. 76. — Diagram of Koch’s Apparatus 
(ufter J. Newton Friend). 


when a liquid flows through a capillary tube of radius r, for a time t, 
under a constant pressure head p, the volume of liquid v, issuing from 
the tube, is given by 


nptr 4 

Hlrj 


(l) 


where q is the coefficient of viscosity and 1 is the length of the tube. 

For the purposes of a simple experiment, it is possible to keep the 
pressure head almost constant by having a large reservoir of water 
and by carrying out the experiment over not too long a time. The 
fall in level of the liquid in the reservoir will then not be appreciable. 
For this experiment, a capillary tube of known length is connected 
to the bottom outlet of an aspirator, and at a given instant a tap is 
opened and the liquid is allowed to flow through the tube* After 
the flow has continued for a definite time, determined by mean* of a 
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stop-watch, the tap is closed, and the volume of liquid that has 
come through is measured. The radius of the tube is determined 
by measuring the length and mass of a mercury pellet placed in the 
tube. The tube should, of course, be selected for uniformity of 
bore, and the temperature must be kept quite constant throughout 
the experiment. 

For the accurate determination of the coefficient of viscosity, it is 
necessaiy to take into account the fact that the pressure head is not 
constant, and this can be done by an extension of the formula given 
above. 

The apparatus used for a more accurate determination is that due 
to Koch, and shown in outline in Fig. 76. 

The tubes A, B and C, have the same radius, r„ the liquid in A 
being allowed to fall from the mark A, to A 2 . During this time the 
liquid rises in C from C, to C 2 . In the diagram, hj and h 2 will be the 
initial and final pressure heads. Suppose the time taken for the 
liquid to fall from A, to A g is t secs. 

In a small time dt secs., a volume dv of liquid will have passed 
through the capillary tube. If the pressure head at this moment is h, 

irhgdr 4 


dv ■ 


Sir) 


dt, 


where r is the radius of the capillary and d the density of the liquid. 
But, in the experiment 

dv — — *r x -g-, v * 

If we substitute this value for dv in the above equation we have 

dt. 


— — d& = — 

2 Sl v 


Integrating, — [log^] 




■ngdr* 

~W 


cos. 


• log fh _ v drH 

•* 2 gr K 8 v 

__ 2gdrH 


but 


nri 


^ i *~ 


njhj — hz) gdrH 

«rl <*.£ 
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As already stated, it is a diflicult matter to determine the absolute 
coefficient of viscosity for a liquid, and, indeed, it is not usually 
necessary. As with surface tension, the relative viscosity of a 
liquid with respect, say, to water, may bo determined ; and then, 
knowing the coefficient of viscosity of water, which has been found 
by another experiment, the coefficient for the other liquid may 

— 1:1- € 1 



ay to do this is to make use of the Ostwaid visco- 
meter. This consists of a tube of the form 
shown in Fig. 77. The wider limb of the tube 
is first filled with the liquid under examination, 
say water, and it is then sucked up to a level C 
in the narrow limb. The water is then allowed 
to flow back, and the time taken for the level to 
fall from A to B is noted. The liquid passes 
through the capillary tube BD, and it is clear 
that the time of flow, /, will be proportional to 
the coefficient of viscosity. This follows from 
equation (1) (p. 250). It is also inversely 
proportional to the density d t from this equation* 
Hence, 

i? = kdt. 

For a second liquid 


Hence 


V 

2L 

V 


Hr 

dt 

d 1 ? 


Fio. 77 .— Tht 
Ostwaid Visco- 
meter 


If the coefficient of viscosity of water is known, 
the coefficient for the other liquid is readily 
found. 

The result will not be quite accurate, since the 
pleasure head will not be quite the same for the 
two liquids, owing to their differing densities. 

With this apparatus it is quite easy to com- 
pare viscosities at different temperatures. The 
whole apparatus may be placed in a thermostat. Of course, it is 
necessary to maintain the temperature constant during an experi- 
ment. 

There are many other types of viscometer depending upon such 
phenomena as the fall of a sphere through a liquid, or the foroe 
required to twist one plate relative to another in a liquid, but there 
is no need to describe them in detail here. 

108. Viscosity and Constitution.— The relationships between 
vineoffitv and constitution are not very marked, though a few points 
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have been noted. For example, in homologous series, the increase 
in viscosity per CH 2 group is roughly constant. 

A useful relationship between viscosity and molecular volume 
was discovered by Dunstan ; it may be expressed as follows : 

^ . r, X 10* = 40 to 60, 

where d is the density, M the molecular weight and 9 the 
coefficient of viscosity of the liquid. This relationship holds only 
for normal liquids. For associated liquids, the number is con- 
siderably greater than this. The values for a few substances are 
given in the table below : — 


Table XLVII1 


Normal 

Liquids. 


Abnormal | 
Liquids. | 


SutoUnc' 1 

Formula 


Benzene . 

C,H, 

73 

Toluene . 

C 9 H 5 .CH, 

56 

Acetone • 

ch 3 .co.ch 8 

43 

Water . • 

H.OR 

559 

Glycol . ♦ 

CH 2 OH.CH 2 OH 

2,750 

Glycerol . 

CH 3 .0 Li .CHOH .CH t OH 

1 16,400 


This expression has been used as a criterion of association (p. 272). 

Thorpe and Rodger introduced the term molecular viscosity ; it is 
an additive property at the boiling point. We have already met 
the term molecular surface when deahng with surface tension. If 
the molecular surface is multiplied by the coefficient of viscosity, 
the molecular viscosity is obtained. Translated into ordinary 
language, this means the force in dynes which is required to maintain 
a molecular surface in motion at a velocity of 1 cm. per sec., relative 
to another molecular surface at a distance of 1 cm. from it. The 
following structural and atomic constants were arrived at : — 


H 

. 80 

s . 

. 155 

C 

. -98 

a . 

. 284 

O (in OH) . 

. 196 

Double bond 

. 113 

O (in ethers) 

. 35 

Iso-union . 

. 15 

O (in >C = O) 

. 248 

Ring formation . 

. 610 


it has also been found that the logarithm of the coefficient of 
viscosity is an additive property. The following values have been 
obtained for the various atomic and structural constants 
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_ log * x 10 * 


log ' X 10* 

CH, . . +0107 

COOCjH, . 

+ 1*573 

H . + 0934 

C . 

- 1*761 

OH . + 2102 

Double bond 

+ 1*847 

CO . + 0-407 

O (in ethers) + 0-098 

Iso-union . 

-0*030 

Let ns test this with ether. 

The coefficient ot viscosity of ether 

at 20° C. is 0-00237. 

lofTt? ' 10* 


4CH, . 

• . 0-428 


2H . 

. . 1*868 


O (ethereal) . 

. . 0*098 



2-394 


Antilog 

2*394 = 247*7. 



Hence viscosity should be 0*002477, m good agreement with the 
experimental value. 

It must be stated, however, that these relationships have not 
proved of any value in the solution of structural problems. 

E. Optical Properties 
( a) Optical Activity 

109. Polarisation of Light —By the term “ optical activity ” is 
understood the power possessed by certain substances to rotate the 
plane of polarisation of light. 

Ordinary light may be supposed, for our present purpose, to be a 
transverse wave -motion. The oscillations which make up a train 
of waves are at right angles to the direction of propagation, but may 
take place in any plane. Thus if a ray of light were travelling in the 
plane of this paper, the transverse oscillations themselves might 
take place in any plane, in the paper, or out of it. Some might be 
at right angles to the plane of the paper, others at 45°, or any other 
angle. Ail that is meant by saying that light travels in a certain 
direction is that the direction of travel of the waves is the same. 
No direction is specified for the actual oscillations. 

If, by any means, light can be obtained in which the oscillations 
are all in one plane, the light is said to be polarised. Thus, if we 
have light travelling in the plane of this paper, and by some means 
or other we make all the oscillations of the light take place in the 
plane of the paper too, then we have light which is polarised in the 
plane of the paper. This plane polarisation may be brought about 
by various means. Thus, when light is reflected from certain 
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surfaces there is always a considerable degree of polarisation. It 
may be noted here that it may not be possible to polarise a beam of 
light completely, but it may be possible to get the greater proportion 
of oscillations to take place in one plane. When light passes 
through certain crystals in a certain direction, it may emerge 
polarised. One of the best crystals for this purpose is calcite, 
which has the property of double refraction. When light falls on 
to a calcite crystal, it is split up by the crystal into two rays, the 
crystal appearing to possess difforont refractive indices for the two 
rays. The first is called the ordinary ray, the second, the extra- 
ordinary ray. Now, on examination, both these rays are found to 
be polarised, one in a plane at right angles to the other. If a crystal 
of calcite is so cut that only one of the rays emerges, the other being 
returned by internal reflection, a beam of polarised light is produced. 
A calcite crystal cut in this manner is called a Nicol prism. 

If the beam of light emerging from a Nicol prism is passed on to 
another similar prism, it will get through if the second prism is in 
exactly the same position as the first, but if turned so that it is at 
90 ° to the first, no light will get through, but it will all be totally 
internally reflected. 

An illustration from Stewart’s M Stereochemistry ” will make this 
quite clear. Suppose we have^two books lying on a table. A flat 
ruler may be made to pass through both of them. If, however, one 
book is placed so that its plane is at right angles to that of the 
other, the ruler which gets through one will not be able to get 
through the other. The first book stands for the first Nicol prism. 
Light emerging from it will be polarised in one plane — this is 
represented by the ruler. If this polarised light falls on another 
Nicol prism it may get through or it may not, it depends upon the 
relationship of the second prism to the first. If its crystal planes 
are in the same planes as those of the first the light will get through, 
just as when the leaves of the second book are in the same planes as 
those of the first, the ruler gets through. If they are at right angles 
then no light gets through. The illustration fails, of course, in that 
a slight variation of angle between the two books means the cutting 
off of all possibility of the ruler from getting through, whereas in the 
case of light, total darkness is only attained when the two crystals 
are exactly at right angles to each other. 

Now, certain liquids and solids are capable of rotating the plane 
of polarisation of light. If such a liquid is interposed between two 
parallel Niools, it is found that the one no longer has to bo turned 
through a complete right angle to get total darkness, but that they 
have to be at some other angle to each other. This is because, 
during its passage through the liquid, the polarised light has been 
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turned through a certain angle. The rotation is progressive, and 
hence will depend upon the length of the substance through which 
the light has to pass. It is possible to turn the plane of polarisation 
through several revolutions if the length of substance is great 
enough. 

Certain liquids rotate the plane of polarisation of light to the 
right, and are called dextro-rotatory. Others rotate it to the left, 
and are called lsevo-rotatory. It should be mentioned that this 
property is not confined to pure liquids and solids, but also applies 
to solutions. 

The amount of rotation is easily measured by means of an instru- 
ment called a polarimeter, which makes use of the facts explained 
above. It consists essentially of two Nicola, which can be rotated 
with respect to each other, i.e one is fixed, and the other can be 
rotated. Between the two Nicols there is a space into which can 
be fitted a tube containing the liquid under examination. These 
tubes are made of definite lengths, 5 cm., 10 cm., 20 cm. and 25 cm., 
so that the length of liquid through which the light passes is known. 
For a complete description of the instrument the practical text- books 
should be consulted. 

The apparatus is set up without the tube of liquid, and a beam of 
monochromatic light is passed through the instrument. This may 
be sodium light, or one of the mercury lines may be used. The 
light passes through the polarising prism, called the polariser, and 
falls on the second prism called the analyser. The analyser is 
turned until there is complete darkness, and the reading of the soale 
is taken. Now the tube of liquid is inserted. On Looking through 
the analyser, the field now appears bright, because the liquid has 
rotated the plane of polarisation, and the analyser is now no longer 
at right angles to the vibrations of the beam. It has to be turned 
through a certain angle for complete darkness again to be reached. 
This is the angle through which the plane of polarisation has been 
rotated. Modern polarimeters have numerous improvements over 
the simple type, the essentials of which are described above. 

Besides depending upon the length of the substance through 
which the light has to pass, the rotation <x, depends upon the density 
of the substance, the temperature, and the wavelength of light used. 

The specifio rotatory power of a pure liquid is given by the 


equation 



where is the specific rotatory power at a temperature i, and for 
light of the sodium D line, / is the length of the column of liquid in 
decimetres, and d is the density in grams per o.o. 



262 


LIQUIDS 


For a solution, the concentration is substituted for density and 
the equation becomes 



at 

h 


The concentration c is expressed in grams per o.o. of solution. 
The molecular rotation is given by 

M [«] 


wi 


100 


where M is the molecular weight. 

110, Optical Activity and Chemical Constitution. — Optical activity 
is bound up with asymmetry of the molecule or crystal structure. 
Thus, if an organic compound has an “ asymmetric ” carbon atom, 
it is optically active, and exists in two distinct forms, or more. One 
form is dextro-rotatory, the other Isevo-rotatory to the same extent. 
A third form, consisting of a mixture of the other two in equi- 
molecular proportions also exists, which can be separated by 
various means into the two optically active components. Such a 
substance is said to be “ externally compensated.” Sometimes, a 
fourth form is known, which, although optically inactive, is not 
a mixture of the optically active forms because it cannot by any 
means be resolved into those forms. This form is called “ internally 
compensated,” and exists .where there are two or more asymmetric 
atoms in the molecule. An example of this is given by tartaric acid. 

By an asymmetric carbon atom we mean one that is joined to 
four different atoms or groups. Thus, the compound 


CH, 


a. 


—OH 


COOH 

known as lactic acid, has an asymmetric carbon atom, indicated by 
the asterisk. It exists in three forms, two optically active, and a 
third “ racemic ” or externally compensated mixture. 

For further details of this important subject a text-book on 
Organic chemistry should be consulted. 

As mentioned above there is a type of optical activity not 
dependent upon the molecule, but upon the arrangement of moJeenles 
in a crystal. The effect is best shown by quartz. 


( b ) Magnetic Rotation 

111. Methods of Observation. — If a beam of polarised light is 
passed through a transparent substance placed in the field of an 
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electromagnet, so that the light travels in the direction of the lines 
of force, the plane of polarisation is rotated. This must not be 
confused with ordinary optical activity. It is a general effect, and 
is shown by all transparent substances, not only those having 
an asymmetric carbon atom. This magnetic rotation will be 
dependent upon the direction of the lines of force, so that by means 
of a suitable apparatus it is possible to reflect the light back upon 
itself, and thus increase the rotation. The angle of rotation, a>, is 
proportional to the length, l, of substance used, and also to the 
strength of the magnetic field, 17. Hence 

The constant <f> is called Verdet’s constant. It has been found that 
this varies with the nature of the substance, the wavelength of light 
used (Wiedemann), and the temperature, though the influence of 
temperature on magnetic rotation is small. 


* / / 

S N 



ZZ7 

N 


Fio. 7S. — Magnetic Rotation. S «■ source of light, N t N* nicol prisms, 
M, M * poles of electromagnet, T, T ■* tube containing substance. 


The application of magnetic rotation to the study of the structure 
of organic compounds was first carried out by W. H. Perkin. The 
method of determining magnetic rotation is a comparative one, so 
that it is not necessary to work with absolute units. Water is taken 
as the standard substance. If the same apparatus is used every 
time a determination is made, there is no need to introduce the 
length of the tube, the temperature, or the wavelength of the light 
used. To compare the effect of equal masses of different liquids, it 
is only necessary to divide the observed rotation by the density. 
The rotation in unit length of tube, a, divided by the density d, is 
called the relative specific magnetic rotation, r 9 

a 

r “"5* 

The relative molecular magnetic rotation is given by 
r “~ md~ I8d' 

where M is the molecular weight of the substance, and m is the 
molecular weight of water. 

The absolute molecular magnetic rotation, R Mt can readily be 
found by multiplying the right-hand side of the equation by the 
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absolute value for water, which has been found by Rodger and 
Watson to be 0*01312 minutes of arc at 20° 0. 

R u = minutes of are. 

112. Magnetic Rotation and Structure. — Since isomeric substances 
give different values for the molecular magnetic rotation it is clear 
that the property is not merely additive but is also constitutive. 
It is impossible to give a detailed list of the results obtained here ; 
all that can be done is to mention briefly some of them. 1 

It has been found that geometrical isomers have a different 
magnetic rotation, the “ trans ” modification possessing the greater, 
as a rule. Optical isomers also differ in magnetic rotation, but only 
slightly. 

Thus, 


Ethyl maleate • 

a 

. 9-625 

Ethyl fumarate . 


. 10-112 

Ethyl tartrate . 


. 8-766 

Ethyl racemate . 


. 8-759 

Glucose 


. 6-723 

Galactose . 


. 6-887 


From the consideration of & large number of observations on 
different homologous series, Perkin arrived at the value 1*023 for 
the CH 2 group. A list of values for the different groups has been 
drawn up, but it is necessary to add a 99 series constant,” which 
varies with the series to which the substance belongs, when com- 
puting the magnetic rotation of a compound. Thus, the series 
constant for the fatty acids is 0*393, for the normal paraffins it is 
0*508, and for ketones 0*375. 

The method has been useful in deciding structures, e.g. 9 in cases 
of keto-enol tautomerism (acetoacetic ester), and was applied by 
Perkin to the study of the terpenes. 

(c) Refraotivity 

113. Formulse for Refractivity. — As a result of work begun in 
1858, Gladstone and Dale proposed that, when comparing the 
refractive indices of substances, the density should be eliminated, 
as the refractive index is largely influenced by this. They therefore 
used the formula 

n — 1 


1 For a detailed account, and list of values, see Cohen, 44 Organic Chemistry,” 
Vol. n. (Arnold), pp. 45-0*. 
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r is called the specific refractive index, or the specific refractivity ; 
» is the refractive index, and d the density. 

In 1880, a seoond formula was put forward simultaneously by 
H. A. Lorentz, of Leyden, and L. Lorenz, of Copenhagen. This was 

1 1 

r n* + 2 ' d' 


This formula is independent of pressure and temperature, whilst 
that of Gladstone and Dale is not. It is now the usually accepted 
formula, although that of Gladstone and Dale is still sometimes 
used. Whilst the latter is simply empirical, the Lorentz and Lorenz 
equation was derived from considerations of the Clerk Maxwell 
electromagnetic theory of light. 

The molecular refractivity (M) is obtained by multiplying the 
specific refractivity by the molecular weight (m) of the substance : — 


M = 



. m or M = 


n a — 1 . m 
t F+! d' 


Refractive index is usually determined by the refractometer. 
Pulf rich’s refractometer is the one most frequently used. There is 
no space for a description of the instrument here; the practical 
text-books should be consulted. With a good instrument the 
refractive index can be determined to the fourth decimal place, so 
that the determination of refractivities is a matter of great accuracy. 
The value, of course, varies with the wavelength of the light em- 
ployed, which must always be specified. 

114. Refractivity and Constitution. — Refractivity is additive, but 
also constitutive. It has been found that similarly constituted 
isomers have the same refractivities ; e.g., the figures for isopropyl 
alcohol and propyl alcohol are 17-44 and 17-42 respectively (using 
light of the hydrogen a line, Ha). The values for butyl iodide and 
isobutyl iodide are exactly the same, 33-25. It seems reasonable, 
then, to assume that spatial differences do not make a great effect 
on the refractivity. However, differences have been found among 
geometrical isomers, but not among optical isomers. 

By studying the refractivities of a number of homologous series, 
the value for CH 2 was found to be 4-57. The table on p.266 gives 
the values obtained for some elements and groupings. 

Ring formation seems to exert little influence, at any rate, where 
the members of the ring exceed four in number. A peculiar point 
is that the value for the double bond varies with the arrangement of 
the double bonds in the compound. A compound containing 
conjugated double bonds, i.e., the grouping — C=C — C=C — , has a 
higher refractivity than that calculated from the ordinary constants* 
This “ exaltation," as it is called, is characteristic of compounds 
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Table XLIX 


Carbon C . 


Ha 

. 2-414 

Hydrogen H . 


. 1-092 

Oxygen O' (enol) . 


. 1-522 

„ 0 < (ethers) 


. 1-639 

„ 0" (keto) 


. 2189 

Chlorine Cl . 


. 5-933 

Bromine Br . 


. 8-803 

Double bond = 


. 1-686 

Triple bond == 


. 2-328 


containing the conjugated double bond. When two double bonds 
occur together, i.e., when they are cumulated, there is also a differ- 
ence in the value. 


Table L 



Ma. 

Difference. 


ObB. 

Calc. 

(Isolated) Diallyl, CH a : CH.CH a .CH a .CII: 
CH t . . * . 

28-77 

28-78 

- 001 

(Cumulated) Valerylene, (CH 3 ) a C : C : CH a 

24-34 

24- 18 

+ 016 

(Conjugated) Isodiallyl, CH 3 .CH : CH.CH : 

CH.CH. 

29-87 

28-78 

+ 109 

(Twice conjugated) Iioxatriene, CH a : CH.CH : 

CH.CH :CH a .... 

30-58 

28-28 

+ 2-30 


It is to be noted that optical exaltation has not been observed in 
benzene, although it would appear to have a series of conjugated 
double bonds. At one time this was used as an argument against 



CH 


HC 

/\ 

CH 

HC 

\/ 

CH 


CH 



the KekuM formula in favour of the centric formula, but it has since 
been shown, on comparison with other ring compounds containing 
a conjugated system, that benzene is no exception to the general 
rule. 

The property of ref ractivity has been useful in providing evidence 
for the formulae of some compounds belonging to the terpene and 
oamohor class, and also in studying the phenomenon of dynamic 
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isomerism such as exists in keto-enol isomerism as typified by aoeto- 
acetic ester, CH 8 CO . CH t COOCJl 5 . 

CH 3 .CO.CH 8 .COOC»H 5 ^CH a .C(OH) : CE.COOCfi $ . 

The results have not, however, proved entirely trustworthy. Calcu- 
lations of the quantities of the two forms present in the equilibrium 
mixture based on refractivity do not agree with those obtained by 
chemical or other physical means. Hantzsch has also applied 
refractivity to the study of salt formation with the pseudo acids. 

( d ) Absorption op Light 

Although not strictly a property of liquids alone, the study of 
light absorption, as far as it ooncems chemical constitution, is best 
taken here. Further mention of this subject will be made in the 
chapter on Photochemistry (Chapter XIX). 

11$. Absorption Spectra and their Determination.— When a beam 
of white light is passed through a prism it is broken up into its 
constituent colours, owing to the variation of the refractive index 
of the glass for different coloured lights, a spectrum being formed. If 
now some transparent substance, solid, liquid, or gas, is placed in this 
spectrum, certain parts of the spectrum will be absorbed, and where 
this occurs dark bands, known as absorption bands, will appear. 
Thus, if a substance absorbs orange light, this part of the spectrum 
will be reduced in intensity in the light which has passed through 
the substance. We say that the substance has an absorption band 
in the orange. 

Absorption bands are studied by means of an instrument called a 
spectrophotometer, which will give in addition to the position of the 
bands their relative intensities. This work can be done either 
visibly or with a camera. The Hilger spectrophotometer will be 
described. The essential parts are shown in the diagram. Light 
from a source A, consisting of an arc between iron-tungsten 
electrodes, passes by one path through a prism P, then through the 
rotating sector S, of which the aperture can be varied, and then on 
to a biprism B and in to the spectrograph G. A second beam 
passes through the eell D containing the liquid under examination, 
through the prism P* which is exactly similar to P, through a sector 
of fixed aperture, and biprism and into the spectrograph, the two 
beams being analysed side by side. The only difference between 
the paths of the two rays is that the first does not pass through the 
liquid, but passes through an aperture of which the size can be 
varied, whilst the second passes through the liquid and through an 
aperture of fixed size. Now the arc gives a great number of lines 
well spaced out through the spectrum. Those following the first 
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path have no absorption, but certain parts of the spectrum will be 
more or less absorbed from the rays following the second path by 
the liquid. The two spectra are photographed side by side, using 
various apertures for the first ray. The closing of the aperture 
reduces the intensity of the comparison spectrum. When at any 
wavelength the intensity of the unabsorbed ray is equal to the 
intensity of the absorbed ray, the opening of the aperture gives a 
measure of the amount of absorption at that wavelength. 

It will have been noticed that in the Hilger spectrophotometer 
just described, the comparison beam is reduced in intensity until 
it is equal to that passing through the absorbing medium. This can 
be accomplished in several ways. In the instrument described, 
which was the earliest with which quantitative results were obtained, 



T in. 70 . -Spectrophotometer (diagrammatic). 


the duration of intermittent exposures was varied. In others, 
polarisation is used, and in the Spekker spectrophotometer the 
aperture of the light-path is varied. Otherwise the principles are 
the same. In ultra-violet work it is, of course, necessary to employ 
quartz instead of glass throughout. 

In some modern instruments the photo-electric cell is used as a 
detector for the light, the strength of current produced being a 
measure of the intensity of the light. 

116. Absorption Spectra and Chemical Constitution. — The relation- 
ship between colour and chemical constitution is a question which 
cannot be studied here . 1 It is our purpose to note some examples 
of the use of the absorption spectrum in helping to decide questions 
of constitution. 

In the first place it must be said that at present we have no 

1 See Chapter XIX, § 361, and Cohen, “ Org&nio Chemistry/’ Vol, IL 
(Arnold), Chapter II. 



ABSORPTION SPECTRA 


269 


method of stating a priori what the absorption spectrum of a given 
compound is going to be like. The only way in which the absorp- 
tion spectrum can be used is by a comparative method. It has 
often been found that substances of similar constitution have 
similar absorption spectra (Hartley’s rule) t For example, all the 
permanganates in solution show similar absorption bands ; methyl 
and ethyl esters usually have very similar absorption spectra, and 
so on. Hence if it is found that two substances have similar 
absorption spectra, it is usually safe to say that they also have 
similar constitutions. In this way the study of absorption spectra 
has proved of considerable value in deciding questions of structure. 

A few examples may be t^aken. First of all, consider the substance 
isatin, the oxidation product of indigo. This almost colourless 
substance may, according to its chemical properties, be regarded as 
possessing a lactim or a lactam structure. The two formulas are 
given below. 

CO CO 

C,H 4 <()c.OH C,fl 4 0CO 

N NH 

Lactim. Lactam. 

Two isomeric methyl derivatives of isatin are known. Their 
formulae are 

CO * CO 

C.h/)>C(OCH 8 ) and C e H 4 <^)>CO 
N NCH, 

It is known that the introduction of a methyl group into a molecule 
makes very little difference to the absorption spectrum. The 
absorption spectrum of the second methyl derivative resembles 
that of isatin very closely. Hence it argued that isatin has the 
formula II, i.e. f it has the lactam structure. 

This method has also been of use in the determination of the 
structure of the alkaloids, such as cotamine and hydrastine. 

Hartley, Dobbie, and Lauder studied keto-enol tautomcrism by 
this means, and were able to show, by comparing its absorption 
spectrum with that of its methyl ether, that phloroglucinol, which 
sometimes acts as a phenol and sometimes as a ketone, exists 
entirely in the phenolic form in the free state. 

There are many other cases of the use of absorption spectra in 
deciding constitution, but for these the larger text-books or mono- 
graphs should be consulted. 
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F. Tins Molbcttlab Weights of Liquids 

117. Hie Determination o! the Molecular Weight of a Liquid.— It 
is a matter of some difficulty to determine the molecular weight of a 
liquid. Whilst the molecular weight of a vapour or a gas is readily 
determined by finding its density and applying the corrected 
Avogadro Hypothesis, no such method is available for the determi- 
nation of the molecular weight of a substance in the liquid state. 
In order to do this it is necessary to make use of some of the pro- 
perties already mentioned. 

One method is to make use of the equation of Ramsay and 
Shields (§ 102), connecting molecular surface energy with tem- 
perature. 

The value of k for a number of liquids was found to be 2-12, and 
as so many gave this value, it was assumed that these were normal 
liquids. Some liquids, however, give a value for k less than 2*12, 
and these are supposed to be associated, i.e., their molecular state 
consists of aggregates of simple molecules. If £ is the degree of 
association (i.e., the aggregates consist of x simple molecules), then 
Mx is the molecular weight of the substance, and presumably, if 
this is used instead of if, the Ramsay and Shields’ equation should 
be obeyed. Henoe 

= 212 (T. — T — 6). 

Thus x can be found. 

In this way, the molecular weight of water has been shown to 
agree with the formula (H a O), at certain temperatures. Tho 
molecular complexity decreases as the temperature rises, as is 
shown in the accompanying table. At 60° C. water would appear 
to be (H t O) t ; at 20° C. it is clearly a mixture of (H t 0) s and some 
higher molecular aggregates. 

By this method a number of liquids have been found to be 
associated as shown in the Table II on p.271. 


Table LI. — (I.) — Degree oj Association on Water 


0 

20 

fl 

19 

80 

100 

Temp. * G. 

Ml 

3*56 

3*18 

3*00 

2*83 

288 

m 
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(II.) — Association of Liquids 


Subst&noe. 

Temp. Interval. 
°C. 

Degree of 
Association. 

Methyl alcohol 

16-78 

3-43-3-24 

Ethyl alcohol 

16-78 

2-74-2-43 

Acetic acid ..... 

16-132 

3-62-2-77 

Phenol 

46-184 

1-42-118 

Phosphorus 

78-132 

3-76 

Sulphur 

115-160 

6-00 

Nitrogen dioxide .... 

i 2-20 

2-02 

Sodium nitrate .... 

300-400 

10-68 

Potassium nitrate .... 

341-407 1 

8-73 


Some objections have recently been made concerning the use of 
the Ramsay and Shields’ equation for this purpose. Some observers 
urge the approximate nature of the Ramsay and Shields* equation, 
but a far more important objection is that brought forward by 
Dutoit and Mojoiu. The surface tension measures conditions at 
the surface of a liquid and not in its interior. It has been shown 
by Gibbs and others that these surface conditions are quite abnormal. 
Thus, in dealing with a solution, the concentration of solute is not 
the same at the surface as in the bulk of the liquid. Hence it is 
justifiable to assume that there may be a difference of molecular 
weight at the surface of a liquid, and this would be the one measured 
by the Ramsay and Shields* equation. It cannot be argued that if a 
liquid is associated at the surface it will be associated in the interior 
of the liquid. 

A further objection is the fact that it is definitely known that 
certain liquids which would not be expected to be associated give 
values for k which are somewhat removed (both above and below) 
from the value 2-12. 

The general conclusion is, therefore, that it is not safe to argue 
about the actual degree of association from the Ramsay and Shields’ 
equation, though it may be used to show the existence of association 
from the qualitative point of view. 

Several other methods of deciding whether a liquid is associated 
or not are based on surface tension. The parachor has already been 
referred to (p. 248). It will be remembered that this constant is 
defined by the equation 

in = 

which involves the molecular weight. If the constituent groups of 
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the molecule of a compound are known, its parachor can be calcu- 
lated from the table of constants which has been drawn up. The 
parachor can also be found from the above equation. If the two 
values agree, the substance is normal ; if not, it is abnormal. 
Unfortunately this method requires the knowledge of the constitu- 
tion of the substanoe before anything can be done, and hence is of 
little use for determining the molecular weight of an unknown 
liquid. 

Most normal liquids obey Trouton’s Rule, which states that 

— const. = 21, 

where M is the molecular weight, l the latent heat of evaporation, 
and T the boiling point of the liquid on tKe absolute scale. Abnormal 
liquids deviate considerably from this rule. However, the rule is 
not sufficiently accurate to enable a direct determination of the 
molecular weight to be made. 

The Molecular Volume, which is an additive property, may be 
used in a similar way to the parachor to find out whether a liquid is 
associated, but it is not of any use in determining the amount of 
association. The structure of the substance must be known, when 
the molecular volume can be calculated from the list of constants 
drawn up. The molecular volume can also be derived by experi- 
ment. . A comparison of the two will give some idea as to whether 
the liquid is normal. 

Sometimes certain physical properties of a liquid give a hint as 
to their complexity. If we take water as an example we find that 
it contracts on heating from 0° C. to 4° C., but above this tempera- 
ture it expands. It is clear that near this temperature, 4° C., there 
is some alteration in the equilibrium between the liquid molecules. 

Ramsay and Young's rule concerning the boiling points of 
related liquids may be used for detecting association (see p. 237). 

It was also remarked in connection with viscosity that the ratio 

io*. 

where d is the density, rj the coefficient of viscosity, and M the 
molecular weight (apparent), comes out between 40 and 60 for 
normal liquids, whereas for associated liquids the value is consider- 
ably higher. This can be used as a criterion of association (§ 108). 

118. Some Properties of Associated Liquids. — Many of the liquids 
which have been shown by various methods to be associated, are 
found to possess certain properties in common. 

In the first place, associated liquids frequently contain the 
hydroxyl group. The reason why association takes place when 
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this group is present is probably because the OH group possesses 
both donor and acceptor properties (§ 61). It can therefore 
co-ordinate with itself. The association, where it exists in these 
cases, depends upon the presence of both the hydrogen anil the 
oxygen of the hydroxyl, for if one of them is absent the liquid 
behaves normally. Thus, ether (C 2 H 6 ) 2 0, which contains only the 
oxygen, is not abnormal ; ethyl alcohol is. The compound C 2 H fi .H 
or ethane, is normal. 

It is found that associated liquids fall into two classes ; those 
where the association factor appears to be limited to two, and 
where the limit is nearly reached at comparatively low concentra- 
tions, when the substance is dissolved in non-associating solvents ; 
and those where the association factor is much higher, but the 
association is much less in dilute solution. Examples of the first 
class are the carboxylic acids, and of the second the alcohols and 
phenols. The carboxylic acids, such as acetic, seem never to be 
associated to aggregates containing more than two simple molecules, 
whereas the alcohols and phenols form larger aggregates. 

Associated liquids are usually miscible in all proportions with 
each other, but not with normal liquids ; similarly normal liquids 
are usually completely miscible with each other, but not with 
associated liquids. Thus the associated liquids water and ethyl 
alcohol are miscible in all proportions ; the normal liquids ether 
and benzene are completely miscible, but water and benzene are not 
miscible. 

Associated liquids have all the properties of co-ordinated com- 
pounds. as would be expected if the theory that association is due 
to the presence of both donor and acceptor properties in the molecule 
is true. Especially do they possess low volatility and high dielectric 
constants. 

If water were a normal liquid, its boiling point would be very 
much lower than it is. It is known that the ethers boil at tempera- 
tures about 60° C. lower than the thio-ethers. The latter compounds 
are related to the former by the fact that they are ethers, the 
oxygen of which has been replaced by sulphur. 

C2H fi v c 2 h 5 

>0 

c 2 h/ c 2 h 6 

Ether. Thio-ether. 

Now, if we apply this to the case of water, we find that sulphuretted 
hydrogen boils at — 60° C. Hence water should boil at — 120° C., 
if it were normal. Its true boiling point is, of course, 100° C., 
230° C* more than that calculated on the assumption that it is 
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normal. We are therefore justified in saying that it is an abnormal 
liquid, and that it is much less volatile than it would otherwise be. 

The table below gives the dielectrio constants of some com- 
pourttls. It is noticed that those of suspected associated liquids are 
considerably greater than those of normal liquids. Nitrobenzene 
and acetio acid are exceptions. 


Table LII 


1 

Associated Liquids. 

Normal Liquids. 

Water . 

• • 

82 

Carbon tetrachloride . 

. 2 

Formic acid . 

• • 

58 

Acetic anhydride 

. 21 

Methyl alcohol 

• • 

33 

Benzene • 

. 2 

Acetamide 

• • 

59 

Ether 

. 4 

Acetic acid 

e • 

6 

Nitrobenzene 

. 36 

Ethyl alcohol . 

. . 

27 

Carbon disulphide 

. 3 

Amyl alcohol . 


16 

Chloroform 

. 5 

Glycerol . 

• 

39 

Ethyl acetate . 

. 6 


Associated liquids are found to be good ionising solvents. This 
is partly due to their high dielectric constant which weakens the 
attractive forces between the ions and facilitates their separation. 

119. Structure of Liquids. — It is frequently stated in the recent 
scientific literature that extremely small traces of substances 
profoundly influence the properties of a liquid. An example of this 
is the problem of intensive drying (see p. 330) in which a very small 
amount of water can bring about vast changes in the properties of a 
liquid. If this is true it seems necessary to assume that liquids 
have a certain structure like solids, but to a less marked degree. 
Solids possess a crystal structure — a definite arrangement of atoms 
and molecules which characterises the solid. Until recently it has 
been supposed that liquids possess no such structure, but that their 
molecules are in random motion. 

If a minute trace of an added substance can make such a profound 
alteration of properties, in which it must be supposed that the 
molecules of added substance exert forces quite beyond their 
normal molecular range, it is clear that these forces must be trans- 
mitted in some way or other by the molecules of liquid, presumably 
by some electrical pplarisation (Chapter XX.). This would not be 
possible Unless liquids possess a structure through which these 
foroes could be transmitted. The forces certainly could not be 
transmitted through molecules moving with random motion, unless 
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some other mechanism entirely were assumed — viz., activation 
(§ 171), and the kinetics of the problem forbids this, as there is 
insufficient energy to cause activation. 

If liquids do possess a structure it would be expeeted that they 
would exist in different forms, as allotropcs. This always becomes 
a possibility when a fixed structure is assigned. From discontinuities 
in curves showing the connection between the vapour pressure, 
density, specific heat, viscosity, and dielectric constant of certain 
liquids, and temperature, it has been inferred that there are two 
liquid forms of nitrobenzene, carbon disulphide, and ether. It may 
be mentioned that two liquid forms oi helium have recently been 
described, with a transition point depending on the pressure. 

It has now been shown that a number of liquids do possess a 
definite structure. Considerations of density, tho fact that the 
viscosity of a liquid varies with temperature in quite a different 
way from gases, and the determination of the dielectric constants 
of polar liquids at various frequencies havo led to this view. More- 
over, work on X-ray diffraction in liquids (§ 125) confirms this 
fact. The properties of water are compatible with this liquid 
possessing a “ pseudo-crystalline ” structure, as proposed by Fowler 
and Bernal. 


SUMMARY 

The properties of liquids which have been dealt with have been ; — 

A. Vapour Pressure . 

B. Molecular Volume . — This is mainly an additive property, i.c., it 
depends upon the component atoms, and very little upon their arrange- 
ment. If it were strictly additive, it would depend entirely upon the 
atoms present and not at all on the, way in which these are combined. 
Constitutive properties are those which depend largely upon the 
structure of the molecule. It may be mentioned that there is only one 
strictly additive property, and that is mass. 

Certain properties are independent of the nature of the atoms present 
or of the way in which they are combined, but depend only upon the 
number of them present. Such are the vapour pressures of solutions, 
to be dealt with in a later chapter, which are the same for solutions 
containing the same number of solute molecules in a given volume of 
solution. These are called colligative properties. 

C. Surface Tension . — It is the effect of temperature on surface tension 
that is of the most importance in connection with constitution. The 
value of k in the Ramsay and Shields* equation gives information as to 
the association or not of a liquid (with certain reservations). The most 
important application of surface tension, however, is in the derivation 
of the parachor, which has been of very great use in deciding questions 
of structure, and in providing evidence in connection with the electronic 
theory of valency. 

D. Viscosity . — This property is partly additive, and partly con* 
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stitutivo v but actually has served little purpose in the investigation 
of liquids. 

E. Optical Properties . — (a) Optical Activity . — This property enables 
one to discover whether a compound of carbon (or of other elements, 
such as Sn, Si) has an asymmetric molecule. 

(6) Magnetic rotation is a universal property, and is not possessed 
only by those substances containing an asymmetric atom. This 
property is partly additive and partly constitutive, and has been 
extremely useful. 

(c) Refractivity . — This property, again, is partly additive and partly 
constitutive, and has been used considerably to discover the structures 
of isomers. 

(d) Absorption of Light . — The absorption spectrum enables us to 
determine constitution by a comparative method. The rule of Hartley, 
that anal gous compounds have analogous absorption spectra, is useful. 

F. Molecular Weight of Liquids . — There is no satisfactory method for 
determining the molecular weight of a liquid. Many liquids appear to 
be associated (t.e„ to consist of aggregates of molecules). The evidence 
for association may be obtained (1) by using the equation of Ramsay 
and Shields for the variation of molecular surface energy and tempera- 
ture ; (2) by using the parachor ; (3) by applying Trouton’s rule ; 
(4) from observations of molecular volume ; (5) by applying Ramsay 
and Young’s rule concerning the boiling points of related liquids ; 
(6) from Dunstan’s viscosity rule. 

Associated liquids frequently contain the (OH) group, which possesses 
both donor and acceptor properties. They possess low volatility and 
high dielectric constants. They are good ionising solvents. 

SUGGESTIONS FOR PRACTICAL WORK 

Experiment 10. — Determination of the critical temperature of carbon 
dioxide. 

Procure a thick walled capillary tube containing some liquid carbon 
dioxide. Place it in a water bath, and gradually raise the temperature 
of the water until the boundary between liquid and gas just disappears. 
Take the temperature of the water. 

Experiment 11. — Effect of pressure on the boiling point of a liquid. 

Fit up an apparatus for distillation of water in vacuo , complete with 
manometer. Reduce the pressure, and take the boiling point of the 
water in the usual way, reading the manometer at the same time. 
Allow a little air to enter, and again determine the boiling point. Do 
this at intervals up to atmospheric pressure. 

Experiment 12. — Determine the molecular volume of ethyl acetate. 

The instructions for this are given on p. 242. The most difficult part 
of this experiment is filling the bulb-tube. 

Experiment 13. — Compare the surface tensions of water and benzene. 

Use the drop weight method described on p. 245. Make sure the 
apparatus is quite clean before attempting a determination. If the 
surface tension of water is known (72 dynes per cm. may be taken as a 
rough figure), the absolute surface tension of benzene may be calculated. 

Experiment 14. — Determine the viscosity of benzene. 

Use the viscometer described on p. 258. Find the viscosity of water 
from the tables, and work out the absolute viscosity of benzene. 
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QUESTIONS 

(1) Show how the critical temperature and pressure can be calculated 
from van der Waals* equation. 

(2) How may the critical pressure, temperaturo and volume of a gas 
be determined ? 

(3) Write an essay on the liquefaction of gases, pointing out the chief 
methods available, and tho principles upon which they am based. 

(4) What properties of liquids may bo made use of in determining 
chemical constitution ? Describe the experimental work necessary in 
the investigation of any one of these properties. 

(5) In what ways does a knowledge of surface tension assist in 
deciding chemical constitution ? 

( 6 ) By what methods may the molecular condition of a liquid be 
investigated ? 

( 7 ) What do you understand by tho term “association”? What 
types of liquids are associated ? Indicate how tho degree of associa- 
tion may be determined. 

( 8 ) Calculate the molecular viscosity of propionic acid C,H 5 .COOH 
from the data given on p. 259. The observed value was 630. 

(9) Calculate the parachors of the given substances from the data on 
p. 249. The observed values are given in brackets, (a) Ethylene 
(CH f = CH a ) (99-5) ; ( 6 ) acetone (CH 3 .CO.CH 3 ) (161-5) ; (c) nitrosyl 
chloride (Cl - N=0) (108-1). 

(10) The following data are known for the fluorides of sulphur, 
selenium and tellurium : — 


SF. 

SeF, 

TeF. 


Density of liq., 
gm./c.c. 


1- 975 

2- 340 
2-87 


D. 


Density of Vapour, 

gm./c.c. 


d. Surface Tension 
dynes/cm. 


0-009 

0-011 

0-013 


r 


13-78 

13-71 

13-23 
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Find the parachors of the fluorides. 

(11) The viscosity of nitromethane is 0*00627 poise at 26° C. Its 
density is 1*1312. The formula is CH,NO a . What conclusions do you 
draw as to its molecular complexity in the liquid state 1 

(12) The viscosity of nitrobenzene (C e H & NO|) is 2*0380 centipoises 
at 19*60° C. Its density is 1*2. Is this liquid Bimpie, or associated ? 
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THE CRYSTALLINE STATE 

120. Characteristics of Solids. — When a gas is cooled or submitted 
to pressure it becomes liquid, and in this state the molecules are 
much more closely packed than they are in the gaseous state. Thpy 
have not the freedom of motion that they enjoy in the form of a 
gas, and thus a liquid is much more difficultly compressible than a 
gas. If a liquid is cooled it becomes crystalline, possessing even 
smaller compressibility than before. Indeed, now the molecules have 
very little capacity for motion, arranging themselves in a definite 
order which gives rise to the crystalline structure of the solid. 

It was thought until recently that all solids were crystalline, and 
that there were no truly amorphous solids. Many solids which appear 
to be amorphous are, in fact, supercooled liquids. Glass is one of 
these. Some workers have considered such substances as members of 
a distinct state of matter, called the vitreous state. However, Riley 
has reoently obtained truly amorphous carbon («/. C. N., 1946, 466), 
and it would therefore seem that the solid state must include both 
crystalline and amorphous substances. 

Every crystalline substance is made up of an assembly of smaller 
units all having the same geometric form. Although a crystal is quite 
homogeneous, it possesses different properties in different directions, 
and is therefore said to bo anisotropic. 1 Thus, crystals conduct heat 
and electricity better in one direction than in another. The index 
of refraction may vary in different directions in a crystal. 

Much information is now available concerning the arrangements 
of molecules and atoms inside the crystal. Such arrangements deter- 
mine crystalline form, and are described later (§ 126). 

121. Liquid Crystals. — Crystals are usually regarded as possessing 
a certain rigidity, by reason of which they are called solids. Yet, 
there are a number of substances in which the weakness of the 
crystal forces results in lack of rigidity. These are called “ liquid 
crystals They will actually flow, and will rise up a capillary tube, 
show ing that the surface forces which result in surface tension are 
strong enough to overcome the weak crystal forces. These sub- 
stances are not intermediate between the two states— liquid and 
crys tallin e. It is merely a question of the weakness of the crystal 
force* which are not sufficiently powerful to support a definite 

i Oubio crystals (f 124) are fully symmetrical, and are therefore isotropic. 
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geometrical form. In order to avoid the confusion which might 
arise from the use of the name “ liquid crystals,” the term u meso- 
morphic state ” has been used. 

Liquid crystals possess a definite melting point at which they 
become true liquids, and are doubly refracting. Examples of sub- 
stances which can form liquid crystals, of which some three hundred 
are known, are : — 
ethyl para-azoxybenzoate 

C*H # O.OC<^ ^>N— N<^ ^>CO.OC,H 0 

~ ' & 


o 


p-azoxyanisolc CH 3 0 




choleateryl m-nitrobenzoate 


\t / — 

/N— N<^ 


/OCH, 


/■ 

\. 


^>COOC„H 4B 


NO, 


choleateryl acetate CH 3 COOC 27 H 45 

ammonium oleate C 17 H 33 COONH 4 . 


When the solid substance giving liquid crystals is heated it appears 
to melt at a given temperature, forming a cloudy liquid which shows 
anisotropic properties, as mentioned above. The cloudy liquid 
represents the mesomorphic state. Some substances have been 
examined by means of J£-ray analysis (§ 125) in the liquid-crystal 
state, and faint indications of crystalline structure have been 
obtained. 

The effect of a magnetic field on the liquid-crystals is interesting. 
Substances in the mesomorphic state arc turbid, but when a magnetic 
field is applied they become clear, in the direction of the lines of 
force. The explanation of this, as well as of the double-refraction 
shown by liquid-crystals, probably lies in the arrangement of the 
molecules. Vorlander has pointed out that all substances which 
are capable of existing in the mesomorphic state have long or fiat 
molecules. 4 * This would be expected from an examination of the 
formulae given above. It may be supposed that when one of these 
substances is melted, the oohesion between the molecules, which 
previously held them in the crystal arrangement, does not break 
down uniformly in all directions. There may be a lateral cohesion 
which still exists, which will tend to hold the molecules together in 
bundles. This makes the liquid anisotropic. The properties may 
be expected to be different in different directions, for rudimentary 
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crystals still exist. When the magnetic field is applied, all these 
bundles orient themselves in the same direction, along the lines of 
force, and the liquid clears in this direction. 

The viscosity of liquid crystals is small, whereas that of liquids 
with heavy molecules is usually large. It is evident, then, that the 
peculiar properties of the mesomorphic state are not due to mere 
polymerisation. 

1 When a solid which can exist in the mesomorphic state is 
heated it changes into that state at a definite temperature, called the 
transition point. Then, on further heating, the mesomorphic state 
disappears, and the true liquid state takes its place. The tempera- 
ture at which this occurs is the melting point . Thus, for p-azoxy* 
anisole, the transition point is il8*3®C., and the melting point 
135*9° C. 

122. The Process of Crystallisation.— From the point of view of 
theory, it is a fairly simple matter to draw a picture of what happens 
when crystallisation takes place. In a liquid the molecules are 
moving with random motion. They possess all sorts of velocities — 
some very high (molecules possessing these escape from the surface 
as vapour), and others below the average. t Those molecules with 
low velocities obviously have a kinetic energy below the average, 
and when they happen to come together more or less in a certain 
arrangement corresponding to the crystalline form of the substance, 
the forces which hold the crystal together are strong enough to keep 
the molecules together. They may remain together for some time, 
pr they may meet a molecule moving with high velocity, and 
therefore possessing high kinetic energy. This molecule, on 
collision, causes them to separate. Consider now a liquid which is 
cooling. Here the kinetic energy of the molecules is getting less and 
less, for heat is being given out, and hence the conditions for long 
life of the crystal nucleus are more advantageous. Finally, when 
the liquid cools sufficiently, the crystal forces are strong enough to 
overcome the bombardment by molecules which have too great a 
velocity to be added to the crystal nucleus, and the liquid crystallises. 
The crystal nucleus has the power of attracting other molecules to 
it by virtue of the crystal forces, and it forms a trap for all molecules 
which do not possess sufficient energy to escape. So the crystal 
grows. 

When a crystal is heated, the reverse change may be supposed to 
take place. The molecules are gaining energy, which gives them a 
greater vibration in the crystal arrangement, which is called the 
crystal lattice. Finally they gain sufficient energy to break 
'down the crystal lattice, overcoming the crystal forces, and the 
crystal melts. 
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It must be understood that the molecules are always oscillating in 
fixed mean positions in the crystal lattice, but they have not the 
power of translational motion. Sometimes, however, a molecule 
may oscillate so violently that it breaks away from the crystal and 
goes directly into the vapour state. This explains" why a crystal 
has a vapour pressure. 

It is clear that heat will be required to give the moleoules sufficient 
amplitude of oscillation to break down the lattice. This is the heat 
that is commonly referred to as latent heat of fusion. It is taken 
in when a substance melts, and is given out when it solidifies from 
the liquid state. 

The above is merely a theoretical picture of the crystallisation 

process. In practice the 
way in which crystals are 
formed, and the signifi- 
cance of crystal forces are 
^ still little understood, 
u Some work on this sub- 
° ject has been done 
recently by Tammann, 
who points out that there 
| are two definite processes 
SJL involved in crystallisa- 
tion. They are first, the 
formation of the crystal 
nuclei, and second, their 
growth. Each process 
must be studied separ- 
ately. 

It has been fqund possible to count the number of crystallisation 
nuclei formed when a liquid is cooled and supercooled under various 
conditions. It has been shown that the number of nuclei increases 
with decrease of temperature as this is reduced below the freezing 
point, passes through a maximum, and then decreases. If the 
number of nuclei formed is plotted against the temperature a curve 
of the type shown in Fig. 80 is obtained. It is clear that this is a 
typical probability curve, so that the formation of nuolei is governed 
by probability. 

It has also been found that the rate of formation of nuclei is 
dependent to a great extent upon the presence of dust particles, and 
upon mechanical agitation. Indeed without the presence of these, 
supercooling usually occurs. 

Turning to the other side of the matter— the rate of growth of the 
crystal once the nucleus has made its appearance— it has been found, 
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as a result of the work of Gemez and of Tammann and his pupils, 
that this increases at first with decrease of temperature, then 
remains constant over a considerable temperature range, and 
finally falls rapidly. If the conditions are such that there is slow 
formation of nuclei and rapid growth, a few large crystals will 
result If, on the other hand, the conditions are favourable to the 
growth of a large number of nuclei, but slow growth of crystals, 
there will be a large number of small crystals. 

The study of the growth of crystals, particularly as regards their 
form during this period, shows that they undergo continual change. 
A perfect crystal is best made by very slow growth, during which 
a number of facets, in the usual course of events never seen, 
appear and disappear. 

Spangenburg and Neuhaus (1928) turned a sphere from a single 
crystal of rock salt, and then suspended it in a solution of sodiuit 
chloride. The crystal grew or diminished in size according to 
whether the solution was slightly supersaturated, or slightly un- 
saturated. The concentration of the solution was carefully kept 
constant by addition of salt or water, and the slow development of* 
faces by the sphere was noted. Ultimately a polyhedron developed. 
The speed of growth of the various faces was found. They did not 
all develop at the same rate. 

Bound up with the formation of crystals, is the dissolution of 
crystals. It is of interest to know how a crystal is attacked by a 
solvent ; whether certain faces disappear first, or whether the 
crystal dissolves as a whole. Little work appears to have been 
done in this direction, although Traube has shown that dissolution 
takes place at definite points on the crystal surface, and a cellular 
structure is thereby formed. Immediately before the crystal 
dissolves it breaks down into particles which are so small that they 
can be seen only under the ultra microscope (§ 335). In this work, a 
cinematograph film was taken showing the process of dissolution. 
The results are considered to be in agreement with Smekal’s theory 
that a crystal is made up of blocks of a few molecules, called “ lattice 
blocks/* which are separated by canals or pores. When a crystal 
dissolves it first breaks up into these blocks. This theoiy has been 
used also to explain the contamination of crystalline substances by 
impurities derived from the mother liquor. It is a well-known fact 
that crystalline substances are frequently impure, and this is a 
matter of importance when dealing with precipitates in quantitative 
analysis. Precipitates such as barium sulphate frequently contain 
adsorbed impurities which are difficult to wash out. It may be 
that these are adsorbed in the hypothetical pores which exist in 
the crystal. The hygroscopic nature of some crystals has also 
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been ascribed to the same cause, water being adsorbed in the 
pores. 

With reference to the effect of impurities on crystals, it may be 
mentioned that in some instances crystals reject impurities. For 
example, many dyes are not taken up by crystals, and it is possible 
to crystallise a colourless substance from a solution that has been 
artificially coloured by certain dyes. This is not always so, however, 
and if an impurity can form a solid solution with the crystal, or, if 
it is adsorbed in the pores, it is a matter of some difficulty to 
remove it. 

Sometimes the crystalline form of a solid may be completely 
altered by the presence of impurities in the solution from which it is 
deposited. It is possible to obtain cubes of alum although the 
usual crystal habit is octahedral. 

128. Supercooling and Amorphous Substances. — It has already 
been stated that when a melt is cooled it frequently docs not 
crystallise without the presence of dust particles, or crystallites 
(small ciystals) of the substance to be crystallised, or mechanical 
agitation. A liquid in this condition is said to be supercooled. 
The way in which the presence of dust particles causes precipitation 
is not known. The other methods of bringing the melt to crystallise 
can be given some theoretical explanation. The presence of 
crystallites actually provides the nuclei, whilst mechanical agitation 
provides further opportunities for the molecules of the liquid to 
come into those arrangements from which crystalline nuclei result. 

Supercooling is most frequently found with viscous liquids. 
When such a liquid is supercooled its already high viscosity gradually 
increases, and, of course, this means decreased motion of the 
molecules, since the internal friction is increased. Hence, as 
supercooling proceeds, the chance of crystal nuclei appearing 
becomes less and less, and a glass (which actually is still a liquid) is 
frequently produced. This flows like a liquid, though, of course, 
veiy much more slowly, owing to the much increased viscosity, and 
no new phase appears during the cooling. 

A typical example of a supercooled liquid is ordinary glass. It 
flows, as can be seen if a piece of glass rod or tubing is supported on 
two pegs, about a metre apart, when it will soon show a permanent 
sag. Old glass, too, will crystallise out when rendered slightly less 
viscous by warming, making it useless for glass-blowing. This 
process is known as devitrification. 

Many substances, especially when thrown down as precipitates, 
appear to show no definite crystalline form to the naked eye, or 
even under the microscope. These are usually called amorphous 
substances. * It has now been shown that almost all substances 
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previously thought to be amorphous, are in fact microcrystalline, or 
else are liquids. Thus the so-called “ amorphous 99 phosphorus 
(red phosphorus) has been shown to consist of minute crystals, 
invisible to the naked eye, and not shown under the microscope, 
but definitely indicated by X-ray diffraction (§ 125). The question 
is not, however, definitely settled. Some maintain that the 
amorphous state should be regarded as a fourth state of matter. 
Recent work has shown that certain motals can be obtained in thin 
layers (by vaporisation and subsequent condensation, or by other 
methods) in such a form that they are almost non-conductors of 
electricity. X-ray investigation of these layers *(§ 1.10) shows them 
to possess no definite crystalline structure, and they are probably 
amorphous. 

Sometimes a precipitate is obtained in a gelatinous form when 
two reactants are mixed. For example, the precipitate of 
aluminium hydroxide, when ammonia is added to a solution of 
aluminium chloride, is gelatinous, and troublesome to filter. Oil 
examination by the X-ray method it is found to possess no definite 
crystalline structure. When, however, the hydroxide is obtained 
as a powder by prolonged warming with ammonia it shows a 
crystalline structure. It is clear that the gelatinous aluminium 
hydroxide cannot be called a supercooled liquid, so these results 
seem to provide evidence for the existence of a separate amorphous 
stato. \s already stated (§ 120) Riley and his school have obtained 
truly amorphous carbon. 

124. Crystal Systems. — It is necessary to ha*o an idea of the 
elements of crystallography if the study of crystals is to be of any 
value. What is given here is the merest outline. For more detailed 
study text- books of crystallography should be consulted. 

Although crystals of a given substance may vary in size, and in 
the development of the different faces, due to variations in the 
method of preparation, the angles between the faces are always the 
same. This is called the law of the constancy of interfacial angles . 

If three convenient axei s ar5Taten In the crystal, say three' axes 
mutually at right angles, the faces will cut these axes at definite 
points (Fig. 81). The distances of these points from the point of 
intersection of the axes, 0 (called the origin), are called intercepts. 
The second law of crystallography is concerned with these intercepts. 
It is found that if the axes are suitably chosen, the intercepts of the 
faces upon them bear a simple ratio to each other, or particular faces 
may cut an axis at infinity (t.e., the face may be parallel to the axis). 
This is called the law of ratinnalitv of intercepts (or indices), and will 
be illustrated below, it lorms the oasis of a system of nomenclature 
for the crystal faces. 
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A crystal is made up of an innumerable set of smaller crystals, 
but if broken up, a point would be reached at which the smallest 
possible crystal of the substance would exist. If it were broken 
down still further the crystal would be completely destroyed, and 
the molecules which made up the crystal would be obtained. This 
being so, it is clear that this smallest possible crystal has the same 
degree of importance as the molecule. 

It has been known for some time that a crystal must be made tip 
of an ordered assemblage of units. The only way in which the 
crystal can be made up of these units is such that if a definite point 
(e.p., the centre of gravity) is taken in each unit, these points must lie 
on lines and planes which divide the space into a set of parallel-sided 
cells. The sides of these oells are parallel 
to the crystal axes mentioned above. The 
cell is called the unit cell , and the 
assemblage of points is called the apace 
lattice . 

The unit cell will be completely defined 
by the ratio of the edges, and the inter- 
facial angle. These are shown in Fig. 
82 as a, 6, and c, and os a, and y 
respectively. Of course, these figures can 
be determined from larger crystals. It is 
not necessary to measure the size of the 
crystal unit, for each larger crystal is made 
up of a number of smaller ones, and hence the ratio remains the 
same. An example is copper sulphate, for which the following 
figures are given : — 

a : b : c = 0*5715 : 1 : 0-5575 
a = 82 ° 16 ' p - 107 ° 26 ' y - 102 ° 40 ' 

It may be said that this diagram does not resemble a copper 
sulphate crystal. It is quite true that in external form it does not, 
but the method of obtaining it must be remembered. It is the unit 
obtained by joining the points, arbitrarily chosen, in the tiny crystals 
of which the larger crystal is composed, and so its shape may bear 
no relationship to the actual shape of the czystal, apart from the 
fact that its edges correspond to the crystal axes. 

Crystals usually possess certain elements of symmetry. These 
can be divided into planes of symmetry, axes of symmetry, and a 
centre of symmetry. , A plane of symmetry divides a crystal into 
two portions each similar to the other. If a crystal of chrome alum, 
which has the octahedral form is taken (Fig. 83), it is seen that there 
are several planes of symmetry, two of which are marked in the figure. 



i?io. 81 , — Intercepts, 
a, 6 , c, made on the 
axes OA, OB, OC. 
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An axis of symmetry is an axis about which rotation of the crystal 
causes it to occupy the same position more than once during the 
rotation through 360°. The position may be taken up twice, thrice, 
four times, and so on, the axis 
being called accordingly an axis 
of twofold, threefold, and fourfold 
symmetry, respectively. 

A crystal has a centre of 
symmetry when like faces are 
arranged in pairs in corresponding 
positions on either side of this 
centre. 

The cube has the greatest 
symmetry. It can readily be shown 
from a diagram that it has thirteen axes of symmetry (three of these 
are of fourfold, four of threefold, and six of twofold symmetry), nine 
planes of symmetry, and a centre of symmetry, making altogether 
23 elements of symmetry. 

Of course, only a perfect crystal shows all the elements of sym- 
metry possible for its form. Most crystals are imperfect and have 
some faces better developed than others,* but as mentioned before, 
the angles between the faces are the same whether the crystal is 
perfect or imperfect. 

To fix a face of a crystal it is customary to define it by the inter- 
cepts it makes on certain chosen axes 
(p. 285). Thus, in fixing the faces of 
the cube, three lines mutually at right 
angles passing through the centre of 
symmetry would be ehosen as axes. 
These are shown in Fig. 84 below. 

The centre of symmetry is 0. The 
three lines taken at right angles are 
OK, OL, OM. The line OK cuts the 
face ABCD at X ; the line OL cuts the 
face ABJH at Y, and the line OM cuts 
the face ADGH at Z* These faces are 
not cut by these axes anywhere else ; 
except when the axes are produced 
backwards, when they out the opposite 
faces. It is clear that the intercepts 
OX, OY, and OZ are all equal and can 
therefore be taken as unity. The faces are defined by the intercepts 
they make on the axes. Thus, faoe ABCD cuts the X axis at the 
point 1, the Y axis at infinity, and the Z axis at infinity. Hence 



Fig. 83. — Chrome alum 
crystal showing two of 
the planes of symmetry 
(ADBE, FDGE), an axis 
of symmetry (AB), and a 
centre of symmetry (C). 
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this face can be represented as (1, oo, oo). More often the re- 
ciprocals of the intercepts (called indices) are used, so that the 
face becomes the (1, 0, 0) face. The face FGHJ has similar 
indices to ABCD, since it is the mirror 
image of the latter. The plane ABJH 
cuts the X axis at infinity, the Y axis at 1 , 
and the Z axis at infinity. Its name is 
therefore the (oo, 1, oo) face, or the (0, 1, 0) 
face. The face ADGH cuts the X axis at 
infinity, the Y axis at infinity, and the Z 
axis at 1. It is therefore the (oo, oo, 1) 
face, or the (0, 0, 1) face. 

In this way the faces of any crystal 
can be defined. The axes chosen for the 
calculation need not be axes of symmetry, 
though they are usually chosen thus. Tt 
has been found that these indices are always small numbers, below 7. 

The octahedron (Fig. 85) may be taken as another simple example. 
Take, as before, three axes mutually at right angles passing through 
the centre of symmetry C. Since the triangles which make up the 
faces of this figure are all equilateral, the intercepts CX. CY, and CZ 
are all equal. The face AXY is therefore the (111) face. In fact, 
all the faces of the octahedron have these same indices. 

It has been found that all crystals can be referred to seven 
different types of structure. They are all modifications in one way 
or another of seven simple typos. 

These arc given in Table LIII, 
together with their axial character- 
istics and elements of symmetry. 

The fact that there are seven base9 
of crystal structure does not mean 
that there are only seven different 
kinds of crystal form. Few sub- 
stances exist in the simplest forms ; 
there are usually a number of 
extra faces. Thus, the octahedron 
belongs to what is called the cubic 
system, because it has the same 
type of axes as the cube. 1 

The Structure of Crystals. — 

•''When light falls on an ol|ject which is of the same order of size as 
the wavelength of light, it does not form a perfect shadow, but is 

* Good photographs of crystals of the various systems are given in 
“ Inorganic and Theoretical Chemistry, ’ ' F. Sherwood Taylor (Heinemann). 
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Table LIII.— Crystal Systems 


, " 1 

System. Axial characteristics, j Symmetry. | SutaUncwtypIcal u. 


1. Cubic . . 1 Three equal axes at ) Nino planes. Sodium chloride. 

; right angles. Thirteen axes. 1 The alums. 

1 I Diamond. 

| Many metals. 

I ! Fluorspar. 


2. Tetragonal . 

j Three axes at right j Five planes. Potassium ferro- 

angloB, two only ■ Five axes. cyanide, 

i being of equal i Zircon, 

length. 1 Hut lie. 

1 i Tinstone. 

3. Orthorhombic . 1 Three axes at right 
: angles, but all of 

| different lengths. 

i 

i 

Three {'lanes. a-Suiphur. 

Three axes. ! Iodine. 

! Potassium 

1 nitrate. 

Barytes. 

4. Trigonal 

; Three axes not at 
right angles, but 
of equal length 
and making equal 
angles with each 
other. 

Three planes. j Quartz. 

Four axes. j Graphite. 

* | Sodium nitrate. 

i 

i 

5. Hexagonal 

Three axes of equal 
length in one 
plane, making 

angles of 60° with 
each other, and a 
fourth axis at 
right angles to 
them, and not of 
the same length. 

Seven planes. 
Seven axes. 

t 

Lead iodide. 
Magnesium. 

Beryl. 

6. Monoclinic 

Thro© axes of un- 
equal length, one 
at right angles to 
the other two, 
which are in- 
clined at an angle 
not 90°. 

One plane. 

One axis. 

Potassium 

chlorate. 

Borax. 

Sodium carbon- 
ate. 

Gypsum. 

^•Sulphur. 

7. Triclinic (or 
anorthic). 

Three axes of un- 
equal length, all 
inclined at un- i 
equal angles, not j 
a right angle. j 

t 

No planes. 

No axes. 1 

| 

Copper sulphate. 
Potassium di- 

chromate. 
Orthoboric acid. 
Microcline. 


diffracted. This fact is investigated by means of a diffraction 
grating, which consists of a number of very fine lines drawn on metal 
or some other material. When monochromatic light falls on a 
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diffraction grating, the light is diffracted and a number of images 
are formed, called the first, second, third, etc., order images. 
The fine lines act as small obstacles in the path of the light and 
cause it to be diffracted. For further information on this point, the 
text-books of physics must be consulted. 

In 1912 Laue suggested that if X-rays were actually light of very 
•mall wavelength, and if crystals were made up of orderly arrange- 



Fia. 86. — Theoretical Diffraction Pattern for Sodium Chloride. 
(After Fig. 8, from Dr. E. S. Hedges* Chapters in Modem 
r norganic and Theoretical Chemistry (Edward Arnold & Co).) 


ments of atoms or molecules, then the crystal should act as a 
diffraction grating for X-rays. This orderly arrangement is the 
crystal lattice, or space lattice (p. 286). The spaces between the 
molecules in a crystal had been roughly computed to be about 
10~ 8 cm., and this is of the order of the wavelength of X-rays. The 
crystal would not be such a simple diffraction grating as the type 
used in physics. It would, of course, be a three-dimensional grating. 
However, the fundamental effeot, it was thought, would be the same. 
Laue showed, from a theoretical point of view, that if a beam of 
X rays were to fall on a crystal, it should be transmitted through 
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the crystal as a number of diffracted beams. If a photographic 
plate were arranged directly behind the crystal, these beams should 
make their appearance on the plate as a number of spots. From a 
consideration of the position of these spots it should he possible tc 
arrive at some conclusions about the positions of the molecules in 
the crystal. 

The experimental work in connection with this was carried out 
almost immediately by Friedrich and Knipping. Their results 
agreed completely with the predictions of Laue. The points are 
found at the intersection of circles, which represent the diffraotion 
at the various planes. Fig. 86 shows the theoretical X-ray diffrac- 
tion pattern of rock salt. 

This method did not receive a great deal of attention, since at the 
time little was known about the nature of Arrays and the arrange- 
ments of atoms and molecules in crystals, although this research 



Fig. 87. — Diagram to illustrate the Lauo experiment. X-vn\ k are 
passed through pin-holes in the lead sheets S' and S"j then 
through the crystal C. The beam is diffracted and a number of 
images of the pin-holes appears on the plate D, their positions 
being defined by the intersection of circles of radii dependent 
upon the distances between the lattice planes. 

did much to increase our knowledge on both these points. The 
method has, however, been used very extensively since. 

A little later Sir W. H. and W. L, Bragg suggested that a crystal 
should be used as a reflection grating rather than as a transmission 
grating. The arrangement of atoms or molecules in a crystal is 
such that the atoms and molecules may be regarded as occurring in 
planes which are fixed by the symmetry of the crystal. The faces 
of a crystal are parallel to these planes containing the atoms or 
molecules, and those faces which occur most frequently are developed 
parallel to those planes in the space lattiee which contain the 
largest number of atoms or molecules. When X-rays fall on these 
planes they are reflected, and the resultant reflected beams interfere 
with each other, just as when a beam of light falls on a pile of glass 
plates, as in the echelon grating. The theory of this is very easily 
followed. 

In Fig. 88 the lines aa', bb\ ec\ dd\ etc., represent the planes of 
atoms or molecules parallel to a face of the crystal. According to 
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our hypothesis, these planes are all parallel and are equidistant. 
Suppose that the distance between them is d W represents an 
advancing wave-front. The first plane is struck at A , and the wave 
is there reflected along AB. The angle WAa is equal to the angle 
BAa’ = 6. Part of the beam, however, is reflected at the second 
plane, at the point E> part at the third plane, and so on. The line 
WE is produced to C. The perpendicular to the crystal planes 
from A must meet it at 0. AD is drawn perpendicular to EC. 
From the geometry of the figure it is clear that the angle DAC = 6. 
The beam which emerges from the crystal along AB is made up of a 
number of beams which have travelled through the crystal for 
different distances, and therefore will be out of phase unless the 
path is a finite integral number of wavelengths different. Thus, for 



Fio. 88. 

reinforcement, the path difference must be an integral number of 
wavelengths ; for interference the path difference must be an odd 
number of half wavelengths. We wish to express the first of these 
conditions mathematically. 

The path difference of the waves taking the courses WA and WE is 
EA — ED = J. 

But, EA = EC. 

Therefore, - EC — ED = DC = J 

But, DC = AC sin 0 = 2d sin 0 , 

where d is the distance between successive planes. 

For maxima, A must equal nA, where A is the wavelength and n is 
an integer. Hence the condition for maximum reflection is 

n\ = 2d sin 0. 

It is dear that it is necessary to know A and 0 to find d. n is 
known from the order of the spectrum, or, if monochromatic light is 
used, the order of the reflection. The first reflection is obtained 
when n « 1. At first the wavelengths of X-rays were not known, 
so that it was necessary to express the distanoes between the planes 
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in the crystal lattice in terms of A. This was, of course, suitable for 
comparative work, but not until the wavelengths of the X-rays 
were found was it possible to give an absolute measure of the lattice 
constants. 

The apparatus used by the Braggs for the investigation of crystals 
was very much like an ordinary spectrometer in principle, and is 
shown in Fig. 89. 

Ap, X-rays are generated from the X ray tube A, and are made as far 

/ as possible monochromatic by passing through absorbing screens S, 
after which they pass through lead slits L, to obtain a fine beam. 
The beam passes on to the crystal 
face, the crystal being mounted 
on a turntable which can be 
moved over a scale V, very much 
as a diffraction grating is mounted 
in ordinary spectroscopy. The 
reflected beams are passed into 
an ionisation chamber D, which is 
connected with an electrometer. 

The ionisation chamber can also 
be moved over a circular scale 
independently from the crystal. 

The chamber contains some easily 
ionisable gas, such as sulphur 
dioxide, and when the gas is 
ionised by the rays a reading is 
obtained on the electrometer. 

The crystal face and the ionisa- 
tion chamber are rotated about 
their common axis, the chamber being rotated through twice the 
angle through which the crystal is turned. In this way the angle 
between the face and the ionisation chamber, and the face and the 
incident beam, are kept the same. TJie strength of ionisation pro- 
duced at different angles, as measured by the current indicated by 
the electrometer, is determined and plotted, and from the graph the 
maxima are obtained. 

These maxima should be governed by the equation 
nA = 2d sin 0, 

so that, since d and A are constant for any one face, the ratios of 
sin 0 should be small whole numbers. 

The curves obtained for potassium chloride (sylvine crystals) and 
sodium chloride (rock salt) are given in the accompanying figure. 
The angles given in the top scale of Fig. 90 are the settings of the 


X“ ray Tuba 

A 


i 5 

/vC 



Fig. 80. — X-ray Spectrometer. 
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ionisation chamber, and are equal to 26, where $ is the angle through 
which the crystal is turned. 

For sodium chloride, the maximum reflections for the (100) face 




Angle of o* r 10° 15* 20° 


Fig. 00. — Intensity of X-ray Reflections and Angle of Setting of 
Ionisation Chamber for Sylvine and Rock Salt (Bragg). 

occurred at 0 — 6-9°, 11-85" and 18-15° for palladium X-rays. The 
lines of these angles are 0-103, 0-205 and 0-312, whioh are very 
nearly in the ratio 1:2:3. This speaks for the truth of the relation- 
ship derived (p. 292). 

Thn«A figures enable the distance between the planes in the space 
lattice parallel to this face to be calculated. In the equation 

nA =* 2d an 0, 
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when » = 1, sin 0 = 0103. Henoe 

A =s 2d (0103) d = 4-85A. 

Thus we have tho distance between the reflecting planes of 
particles parallel to the (100) face in terms of the wavelength of the 
rays used. 

In order to find the absolute spacing, it is necessary to decide to 
which system the crystal belongs, and then to calculate the relative 
distance between the planes in the different types of lattice that are 




Fig. 01. — Types of Cubic Lattice. 

possible for the different faces. These are compared with the 
results of the X-ray analysis, and the correct space lattice is thus 
arrived at. Once this is done, the absolute spacing can be derived 
from a knowledge of the density of the .crystal and Avogadro’s 
number. The crystal could then be used as a means of determining 
the wavelength of X-rays, just as an ordinary diffraction grating is 
used for the determination of the wavelength of light. 

These points are clearly brought out in the study of the crystals 
sylvine and rock salt. These were the first crystals that were 
successfully studied by the Braggs, and they axe comparatively 
simple It is well known that they both crystallise in the cubic 
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system, for which there are three space lattices possible, which are 
Called the simple cubic, the face-centred cubic, and the body-centred 
cubic lattices. These are shown in the diagrams on page 295. 

The simple cubic lattice has one structural unit, whatever that 
may be in the crystal under consideration (molecule, atom or ion), 
at each corner of the cubic cell. In the face-centred lattice there is a 
structural unit at each comer, and one at the middle of each face of 
the cell, whilst in the body-centred lattice there is one unit at each 
comer, and one at the centre of the cube. Sylvine and rock salt 
may crystallise in one of these three ways. The relative spacings 
between the planes containing structural units, and which act 
as reflection planes for the rays, are now calculated. The 
possible crystal faces are (1) parallel to the cube face (100), 
(2) perpendicular to the diagonal of the face (as in the faces of a 
dodecahedron) (110), and (3) perpendicular to the cube diagonal (as 
in the octahedron) (111). The relative spacings are given in the 
table below, and should be verified by the student. 


Table LIV 


Type of Lattice. 

(100). 

(110) 

(111) 

Simple cubic . 

i 

V2 

2 

v 3 

3 



(•707) 

(•577) 

Face-centred cubic . 

j 

x/2 

2 

2V3 

3 



(•707) 

(M54) 

Body -centred cubic . 

i 

V2 

V3 

3 



(1-414) 

! (-577) 


Consider the curves obtained for the intensity of reflections 
against the angle of setting of the ionisation chamber (Fig. 90). For 
sodium chloride, we see that the first order reflections occur at the 
following angles of crystal face for the different faces 
A (100) 5-9° 

B (110) 8-4° 

C (111) 5-2°. 

It must be remembered that small deviations in the curve cannot be 
counted as reflections, and that the maxima will occur at double 
these angles if we eonsider settings of the ionisation chamber, since 
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this has to be moved through twice the angle that the crystal is 
turned through in order to receive the reflection. To make this 
clear, the first order maxima are marked in tho diagram with the 
letters A, B and C. The sines of these angles and other data arc 
given in the table 

n = 1 
j __ wA 
“ 2 sin ff 


Table LV 


Face 

(100) 

(HO) 

j (HD 

Angle (0) 

|[[^H 

84° ! 

! 6-2° 

sin 6 

0103 

0146 

0-094 

d 

4-854A 

3-425A 

6-31 9A 

Ratio of d 

1 

| 

0-7()6 

j 

1-096 


These ratios of d obviously agree with the face-centred cubic 
lattice, and with no other, so it is clear that in rock salt the ultimate 
crystal cell has its structural units arranged in a face-centred 
manner. The difficulty now arises as to what the structural unit 
is. If it is the NaCl molecule, presumably there will be some 
distance between the two atoms in the molecule, and we may 
associate the centre of gravity of the molecule with the points of the 
lattice. Thus, the Na and Cl atoms will actually lie on two face- 
centred cubic lattices, which are separated from each other by a 
definite distance (the distance between the atoms in the molecule), 
and interpenetrate. The same result is arrived at if we associate 
with the points of the lattice the sodium atoms. The chlorine atoms 
will, as before, lie on a similar interpenetrating lattice. However, 
it is now universally regarded that the units are sodium and chlorine 
ions, not atoms. The problem now is to find the position of these 
two face-centred cubic lattices with respect to each other. The 
clue to the solution of this problem is found in the intensity of the 
various order reflections. The X-rays are scattered by the structural 
units, and the amount of scattering will be proportional to the mass 
of the scattering partiole. The heavier the atom (or structural unit, 
whatever it may be) the greater will be the intensity of the reflation. 
The chlorine is considerably heavier than the sodium, so that the 
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reflections will be mainly due to it, those due to sodium being muoh 
weaker. 

It is found that if it is supposed that the chlorine space lattice is 
displaced from the sodium space lattice half-way along the side of 
the fundamental cube, the results shown in the reflection curves are 
accounted for. The type of lattice thus obtained is shown in 
Fig. 93. It is noticed that the sodium and chlorine ions alternate. 
The lattice is now made up of eight simple cubic lattices, but 
containing two kinds of ion. The planes parallel to the cube faces 
contain the same number of chlorine and sodium ions, and the 
spacing is identical with the original fundamental space lattice. 
This is also the case for the (110) planes. However, the original 



Fio. 92. — Diagram showing the planes referred to in the text. 

The planes ABCD j ^ (W0) plane ,. 

The plane C3HJK is a (110) plane. 

The plane LMCO is a ( 1 1 1 ) plane. 

Note that these are alternately made up of sodium and chlorine ions, 
and ore half as far apart as they would have been if the sodium 
and chlorine ions had not been arranged in this maimer. 

(HI) planes are now alternated with planes containing sodium ions 
only at half the distance between the original planes. It is obvious 
that the presence of these planes will interfere with the reflections 
from the (111) faces. For the reflections from the two successive 
chlorine planes to reinforce each other, the path difference must be 
one wavelength. When this is so, any rays reflected from the 
sodium planes will have travelled odd numbers of half wavelengths, 
and so will be 180° out of phase. If the reflections from the chlorine 
and sodium planes therefore were equal in intensity, there would be 
no reflection at all at this angle. However, the sodium is not so 
heavy as the chlorine, and consequently the reflections from the 
chlorine planes are more intense than those from the sodium planes, 
and there is a resultant effeot, though it is much weaker than it 
would otherwise be. This is true for the first order reflection, and 


1*1. \TK III. — X-Kay I'oivdmi Diai.iiam oi- iim. Uyi>iU»cauion C\, 2 1] 4 , . 

(liy jKTisiis^iDii u! .A (id in Hii^i Ltd.j 


[T o face 298, 




CRYSTAL STRUCTURE OF ROCK SALT 


299 


explains why this is extraordinarily weak. For the second order 
reflection the waves from the sodium planes would be one wave- 
length behind those from the preceding chlorine planes, and so there 
would be reinforcement. For the third order reflections, however, 
\vc have similar conditions to the first, the waves from the sodium 
planes being one and a half wavelengths behind those from the 
preceding chlorine planes. This agrees vrith the intensities obtained. 
In Fig. 90, C is the first order, D the second order, whilst the third 
order spectrum is not sufficiently intense to mark. 

When a crystal of potassium chloride is considered, it is found to 
possess a similar lattice to that of sodium chloride, but here the 
first order spectrum for the (111) face has entirely disappeared. 
This is easily explained on the above 
basis. Chlorine and potassium are 
very close in atomic weight, and 
hence the intensity of Z-rays 
reflected from them will be approxi- 
mately the same. Here the waves 
will neutralise each other com- 
pletely for the first and third 
order reflections, whilst they will 
reinforce each other for the second, 
giving a more powerful reflection 
of the second order, shown at E, 

Fig. 90. O Na ma 

It is interesting to carry the flQ , (3 ._ So(ilum (7hloride 
investigation further and find the Lattice, 

exact distance apart of the planes. 

This can be done if the dimensions of the unit ceil can be found. 
It has already been seen that the elementary ceil of the sodium 
chloride crystal consists of a chlorine ion at each comer, and 
one at the centre of each face. Each atom at a comer of the cube 
really belongs at the same time to seven other cubes, so that 
only one-eighth of its mass may be regarded as belonging to the 
elementaiy cell. There are eight of these atoms, so that the 
resultant total mass of atoms at the cube comers is 1. Every 
atom in a cube face is shared with another cube, so that it gives 
half its mass to any particular elementary cell. There are six of 
these, so that they give the mass of three ions altogether to the 
elementary cell. The total mass of chlorine ions is therefore four. 
It can be shown in a similar way that the number of sodium ions in 
the cube is equivalent to the mass of four. The cell therefore 
contains four molecules of sodium chloride. The density of 
•odium chloride crystals is 2*17, and the molecular weight 5H-4f4. 
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The gram-molecular volume is, therefore, 58-454/2-17 = 26-93 c.c. 
This must contain a number of molecules equal to Avogadro’s 
number, i.e. f 6*06 x 10 23 . The volume associated with four 
molecules will be 


6-06 x 1() 23 


177-8 X 10- 24 c.c. 


This must be the volume of the unit cell. The cube root of this 
gives the length of the side of the cube, and this comes out to be 
6-623 X 10~* cm. One Angstrom is 10~ 8 cm., so that the length 
of the side is 6-G23 A. The distance between the (100) planes is 
half this, i.e., 2-811 A. The other distances can be calculated in 
a similar way. Knowing this distance between the planes, it is 
clear that the crystal can now be used to determine the wavelength 
of the X-rays used. 

The X-ray spectrograph differs from the X-ray spectrometer just 
described in fixing the positions of the maximum reflections photo- 
graphically instead of by an ionisation chamber. The Laue method 
is a typical one involving the spectrograph. The arrangement of 
apparatus for this method has already been described, and the type 
of photograph explained. The spectrographs are easily obtained 
if a good crystal is available, but the interpretation of the diagrams 
is not easy, and is usually accomplished by moans of gnomonic 
projection. The method cannot be described here. Laue photo- 
graphs find their main use in the determination of the symmetry 
and correct unit cell of a crystal. Qualitative data are obtained 
from complicated planes far more numerous than in any other 
diffract ion methods, and these can be employed with great certainty 
in the fixing of the unit cell. 

yy y 126. X-ray Powder Spectroscopy. — Debye and Scherrer (1916) and 

* Hull (1917) suggested that a powder might be used instead of a 
large crystal in X-ray spectroscopy. If the crystal is replaced by a 
thin film of crystalline powder an entirely different pattern is 
formed. If the small crystals are present in large enough numbers 
and if they are arranged in a disordered fashion, two conditions 
which are almost invariably fulfilled, there are bound to be some of 
them which are in a position to reflect from every system of atomic 
planes whose spacing is more than a certain minimum, fixed by the 
wavelength of the X-rays used. 

The substance is powdered and made into a rod and placed at 
the centre of a circular camera. The beam of X-rays, after suitable 
treatment by slits, is passed through a hole in the photographic film on 
to the specimen. The X-rays are diffracted in such a way as to give 
a series of cones with their apices at C (Fig. 94) Where they cut the 
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fi\m, the circular sections of the cones will be made evident. When 
the film is unrolled the photograph is of the form shown in Plate III., 
which is the photograph obtained for C 22 H 46 . It will be dear from 
what has been said above that the apparently straight lines in this 
diagram are really portions of arcs. 

Each line in this photograph arises from comparatively few 
crystals — just those in fact which are oriented in such a way as to 
reflect the rays from one particular plane — and so they will be muoh 
weaker than the spots in the Lauo diagram unless a considerably 
more powerful source of rays is used. 

It is clear that this method has advantages over the other methods. 
In the first place, crystals can be studied which it is not possible to 
obtain large. Whereas it is difficult to grow large crystals of most 
substances, anything can be finely powdered. The intensities of 
the reflections are used besides 
their positions to obtain the Rize 
of the unit cell. 

Ifdtit 7. The Rotating Crystal 
Method. — This was devised by X-raus 

Rinne, Schiebold, and PGldnyi, 

and has been used extensively in 
determining crystal structure. A 
monochromatic beam of X-rays, 
suitably defined by slit arrange- 
ments, falls on a crystal which 
is rotated about an axis per- Fig. 04.— X-ray Powder 
pendicular to the beam. The spectroscopy, 

reflections are recorded on a circular film, as in the powder 
method. In some work, the crystal is rotated only through a 
small arc, in other experiments the crystal may be rotated through 
360°. It is best to use a single crystal, as perfect as possible, but very 
small specimens may be employed. Good photographs are obtained 
by this method, but the work involved in deciding the structure 
from a study of the photographs is considerable. A typical rotation 
photograph is shown in Plate IV. 

128. X-ray Orating Spectrographs. — It has been mentioned in § 125 
that a crystal could be used as a diffraction grating for X-rays, and 
that when the lattice spacing of the crystal was known the wave- 
length of the X-rays could be deduced. Until quite recently this 
was the only method available for the determination of the wave- 
length of X-rays. The ordinary line grating, as used for ordinary 
light, could not be employed for X-rays owing to the very small 
wavelength. In 1930, Thibaud and Siegbahn devised spectrograplis 
which used ruled gratings. It was not possible to rule gratings very 
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much closer than those used in work with ordinary light, but this 
was compensated for by making the rays to be analysed strike the 
surface of the grating almost tangentially. With a very small 
angle of incidence, it is possible to diffract ordinary X-rays with an 
appreciable angle, even if the grating has only 50 lines per milli- 
metre. The results obtained with this apparatus agree with those 
using the crystal grating, and thus provide valuable confirmation of 
the earlier work. 

(V/ 129- Results o! X-ray Analysis. — X-ray analysis of crystals has 

^contributed largely to our knowledge of the crystalline state. In 
fact, we can say that we know more about the solid state than we 
do of the liquid state. The most striking result that has been 
achieved by its aid is the establishment of the fact stated at the 
beginning of this chapter, and which gives this chapter its title — the 
crystalline state — instead of the solid state. Almost all solid sub- 
stances have been shown to be crystalline, and a definite arrangement 
of atoms has been shown even in certain liquids. Precipitates and 
colloids, previously thought of as amorphous, have been shown in 
the great majority of cases to be crystalline. The glasses, which 
were previously regarded as definite solids, are now thought to be 
supercooled liquids, and should not be treated as solids at all. 

As previously mentioned, another great change in our idea of the 
solid state has been brought about by X-ray analysis, for it is clear 
that the term “ molecule ” now has no significance when we refer 
to solid salts. 

X-ray analysis has also helped to elucidate the structure of 
organic compounds, by indicating exactly what the molecule is like 
and the nature of the linkages between the atoms. From a study 
of the crystal structures of aliphatic compounds, it has been shown 
that there is a tetrahedral arrangement of bonds about a carbon 
atom, the latter being united to four other atoms. The diamond 
has been shown to possess a structure in which each carbon atom is 
surrounded by four others, equidistant from it. This reminds one 
of the van’t Hoff tetrahedral carbon model. The six-membered 
ring is also found in the diamond and graphite lattices. A study of 
hexa-methylbenzene and of naphthalene and anthracene showB the 
planar nature of the six-membered ring. 

The difference in hardness between diamond and graphite also 
finds an explanation in the crystal structures which have been 
deduced for these two forms of carbon. Both have the hexagonal 
ring, but in the diamond there is a branching, which brings the 
planes of atoms closer together than in graphite. The two structures 
are drown in Fig. 95. 

The distance between two adjacent planes in the diamond is 
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1*54 A, whilst in graphite the distance is 3*25 A, Hie increased 
distance in graphite makes it probable that the planes can slip more 
easily over each other than in diamond, and graphite is therefore 
soft, whereas diamond is hard. 

The application of X-ray analysis to problems of stereochemistry 
has yet to be made. 

AT -ray analysis is providing a new method for investigating metals, 



Fia. 95. — Structure of Diamond and Graphite. 

[Based on diagrams in Tut ton’s Crystalline Form and Ohetntcal Constitution 

Macmillan . ■ 

and the effects which take plaoe on rolling, drawing, and heat- 
treatment. This work is of special value to the metallurgist. An 
X-ray study of steel and iron shows that when carbon is introduced 
into iron the large crystals of iron are broken up into a large number 
of small ones which interlace, and thus give to steel its strength. 

Technical substances such as cellulose and rubber have been 
studied by this method. Cellulose has been found to possees a 
definite structure. 

Vegetable and animal fibres, in general, give rise to X-ray diffrac- 
tion patterns when a fine beam of .X-rays is passed through a bundle, 
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about 1 min. thick, of parallel fibres. These are usually called 
“ fibre-photographs/’ A typical photograph for Ramie fibre is 
shown in Plate V. 

The changes which take place when cotton is mercerised have 
been elucidated by the aid of X-ray analysis. Rubber has been 
found to crystallise and decrystallise as it is stretched and slackened 
(Hauser and Mark, 1926). 

A mathematical treatment of the data obtained by X-ray diffrac- 
tion experiments, in order to decide upon the space lattice of the 
crystal, has been used by J. M. Robertson in his work on the crystal 
structure of durene (1, 2, 4, 5-tetramethyl benzene), naphthalene and 
many other organic compounds. Since the crystal is essentially a 
periodic structure, the distribution of the scattering particles may be 
represented by a Fourier series. A Fourier analysis of the data reveals 
the detailed structure of the crystal and even the positions of the 
atoms in the moleoules, the results confirming the conclusions of 
organic chemistry. For further information the student is referred to 
the original papers (Proc. Roy, Soc. t 1933, [A], 142, 059-688). 

130. Electron Diffraction in Crystals.- The fundamental point of 
wave mechanics (§ 56) is that moving electrons are associated with a 
wave-motion. As has been pointed out (in § 56) in 1924 de Broglie 
showed on purely theoretical grounds that this should be so, and 
stated that the wavelength X of the motion would be given by 
X = h/mVy where h is Planck's constant and mv the momentum of 
the particle. When this formula is applied to the case of moving 
electrons the wavelengths of the wave-motion associated with 
electrons which have fallen through potential differences of 10, 100, 
1,000, and 10,000 volts, are found to be 3*86, 1-22, 0*386 and 0*122 A 
respectively. If those wavelengths are compared with the wave- 
lengths of X-rays, we find that they correspond roughly with very 
soft, soft, hard, and very hard X-rays. In 1925 Elsasser suggested 
that if de Broglie were correct, a beam of electrons should be 
diffracted at a crystal surface just as X-rays are. Davisson and 
Gormer tested this with a plate of niokel. During the course of 
their work, their apparatus was, by accident, broken, and air 
entered On repeating the work, the reflexion from the niokel was 
found to have altered, and this was ascribed to a change in the 
crystalline state of the surface of the metal. They then experi- 
mented with a single crystal of niokel, allowing a beam of electrons 
to fall normally on the surface, and they found that the beam was 
not diffusely scattered, as the classical theory predicted, but that 
de Broglie’s theory was true. A diffraction pattern was obtained 
which, if the wavelengths calculated by de Broglie were assigned to 
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Fig. 3.- - Stretched Rubber. Fks. b- -Natural Silk. 

PLATE V.— X-Ray Photographs oi Kamil Kiruk, Hi iibkk, ani> Silk. 

Note that the photograph for Kamio is that of a typically crystalline 
substance. Natural silk is also crystalline. Unstretchod rubber is not 
crystalline: it merely gives a ring, indicating its amorphous nature. On 
stretching, however, the rubber becomes crystalline, the photograph now 
showing a number of black spots, from the position* of which the crystalline 
form could be obtained. 

(From Annual Reports on the Progress of Cheru^tn , 1331. Luied by the Chemical Society 

[ To /act p . 304. 
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the electron beams, obeyed Bragg’s law. The work of many other 
observers in this field has also confirmed this. 

It is obvious that this discovery provided another method of 
attacking the problem of the structure of crystals, and some very 
encouraging results have been obtained with it. Electrons have not 
the penetrating power of X-rays, and their action is confined to the 
first layer comprising a few tens of molecules. It is thus a very 
suitable method to employ for the investigation of thin films, where 
the X-rays scattered from these films could not be detected. G. P. 
Thomson has carried out a number of experiments in this direction. 
Pure copper does not give diffraction rings, but on exposure to air 
for a short time the rings due to cuprous oxide are produced. 
Similar oxide films were found on iron. The method has been 
applied to the study of '* passivity.” When a piece of iron is 
dipped into strong nitrie acid, it becomes passive, and is onattackcd 
by the acid, and on removal from the nitric acid it is unattacked by 
other reagents for some time. Two views have been held as to the 
reason for this. One states that an oxide film is produced, the 
other that an inert aliotropic form of the element is formed. The 
former is the favoured view. If such a filnj were produced, it was 
thought that it should be indicated by this method of investigation, 
but it was found that no diffraction rings were produced. This is 
probably due to the fact that even a beam of electrons would not 
inchoate a monomoleouiar film, such as the film of oxide may well be. 
It may, of course, not be crystalline at all, but amorphous, a view 
which is supported by the fact that the film of oxide which forms on 
aluminium when it is allowed to stand in air does not show any 
rings. The question is therefore left unsolved. 

There is, however, a wide field available for this method of 
investigation, for our knowledge of thin films is very incomplete, 
wid they are important in the study of metal corrosion, of plant and 
Miimal fibres, of fats on the surface of liquids, and of adsorbed gases. 
The fact that electron beams possess heating powers also makes this 
method useful for studying the changes in crystalline structure 
which take place at high temperatures. 

The results of structure experiments carried out by the electron 
diffraction method agree closely with those obtained by the X-ray 
methods. The method has been applied for finding the structure 
of platinised asbestos. Platinisation probably results in a splitting 
of the fibres (D. A. Richards, Phil. Mag., 1933, [vii.], 16, 778-787). 
Davisson and Germcr have investigated the structure of gold, 
tungsten, molybdenum and cobalt by this method, using electrons 
of high speeds. Their results agree with the ordinary X-ray 
observations. 
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V^A8L The Specific Heats o! Solids. — (a) Elements . — In dealing with 
me methods available for fixing the valency of an element when its 
equivalent is known, and thus determining its atomic weight, it was 
pointed out that Dulong and Petit, in 1819, put forward the law that 
the atomic weight of an element multiplied by its specific heat was 
equal to 6*4. It was also pointed out that the law was by no means 
of general application, and that it was necessary to use it with some 
precaution (p. 24). It is now possible to examine the reasons for 
the deviations from Dulong and Petit’s Law. 

Consider what happens when a crystal takes up heat at very low 
temperatures. When a crystal is heated the molecules in the crystal 
lattice carry out disordered oscillations about their mean positions 
in the lattice. Near the absolute zero these motions would be ex- 
tremely small, and at the absolute zero they would cease altogether. 
Any small heat impacts that the crystal receives at this temperature 
will not be powerful enough to set the molecules ir the interior of 
the lattice oscillating, since they are held by the very powerful 
orystal forces. Any interaction between the crystal and the heat 
impacts will be shown by the crystal as a whole. The whole crystal 
will vibrate when heat energy is absorbed at very low temperatures, 
and it will possess compressional and distortional vibration. 

Debye and Tolman independently calculated the heat capacity 
of crystals in the neighbourhood of the absolute zero in its relation- 
ship with temperature by the aid of the theory of elasticity, and 
arrived at the result 

C, = kxT*, 

where T is the absolute temperature and fc is a constant. The 
equation was expressed somewhat differently by Debye 

C 9 » 71*9 x 

Here the constant k has been split into two parts* and the equation 
refers to one gram -molecule of the substance, is a constant for 
any substance and has the dimensions of tempeiature. It varies 
from 60 for calcium to 1,840 for diamond. 

Debye states that the equation holds up to T = 0/ 12. The curve 
below shows the relationship between T 3 and C 9> and gives the 
observed and calculated values for carbon and aluminium. The 
falling off of the observed from the theoretical values is clearly 
shown. The curves agree at very low temperatures, but deviations 
occur as the temperature is increased. 

Such deviations are due to the possibility of other types of 
oscillation. The Debye-Tolman equation was derived on the 
assumption that there was no movement of the molecules as indivi- 
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duals, but when this becomes appreciable it is not to be expected 
that the observed results will agree with the equation. The tem- 
perature at which such motion takes place will be dependent upon 
the crystal forces If these are weak, energy will be absorbed in 
producing oscillation of individual molecules at low temperatures. 
Weakness of crystalline forces is shown qualitatively by the ease of 
compression of a substance. A metal like lead, which is soft and 
easily compressed, has weak crystalline forces, so that this metal 
would show deviations from the above equation at low temperatures. 
Also, the lead molecules or atoms are heavy, and a considerable 
amount of energy will be absorbed in setting them into motion, so 
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Fig. 9G. — Relationship between Atomic Heat and Temperature for 
Aluminium and Diamond. 

that large deviations are to be expected. With other crystals, 
however, such as the diamond, which is very hard, the crystal forces 
arc great, and the Debye-Tolman equation holds up to com- 
paratively high temperatures. 

As the temperature is still further increased, the energy absorbed 
by a crystal will be taken almost entirely in producing motion of the 
individual molecules. In the end this motion becomes so great, 
and the crystal forces, in comparison, so small, that the crystal 
melts, and then probably loses its crystalline identity entirely. As 
the crystal approaches this state the average kinetic energy of the 
molecules will approach that of unrestrained molecules. For a 
monatomic substance this is known to be 

Q 

K.B. =s - RT gm.-cal. per gram-molecule (p. 102). 

« 
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Besides this kinetic energy, an oscillating body possesses potential 
energy, which can be shown to be equal to the kinetic energy. The 
total energy per gram-molecule is therefore, 

E = 3 RT = 65P gm.-cals. per gram-molecule. 

Hence the specific heat of a solid will approach 6 gm.-cals. per gram- 
moleoule. 

Many solid elements have reached the state just described at 
room temperatures, and consequently the atomic weight multiplied 
by the specific heat is a constant. Actually it comes out to be 
about 0*4. This is partly explained by the fact that the specific 
heat determined is at constant pressure, and will be slightly greater 
than that at constant volume. There are, however, some elements, 
notably carbon and boron, which have not reached the above con- 
dition, and therefore their atomic heats are considerably below 6*4. 
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Fio. 97. — Curve showing variation of atomic heat at oonatant voteae 
with absolute temperature for load, silver, aluminium and diamond. 

The explanation of the reason why Dulong and Petit’s Law is a 
limiting law, and holds only when substances have reached a 
particular state, is now quite clear. It is obvious that it would be 
much better to multiply the atomic weight by the specific heat at 
comparable temperatures, instead of taking room temperature as 
standard. 

The curves in Pig. 97 show the variation of atomic heat with 
temperature over an extended temperature range, and from this 
diagram it is clear that all substances would approach the value 6*4 
for the atomic heat (at constant pressure ; the values plotted are at 
constant volume) os the temperature is increased. 

(6) Compounds . — The molecular heat of a compound is approxi- 
mately equal to the sum of the atomic heats of its constituents, t.e., 
the specific heat multiplied by the molecular weight is equal to this 
sum. This is known as Kopp’s rule. 
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It is clear that for most inorganic compounds the atomic heats 
of the constituents are far from 6*4. This value can be taken as 
correct for most metals, but for non-metals like sulphur and oxygen 
it is for from correct. The values that have boon determined for 
these substances must be used. Thus, oxygen has an atomic heat 
of 4 cals., and sulphur 5*4 cals. 

To calculate the molecular heat of zinc sulphate, we have 

MC P * 6*4 + 5*4 + 16 27 - 8 . 

The specific heat of zinc sulphate is 0*174 cal. Hence the experi- 
mental value for the molecular heat is 161 X 0*174 « 28 * 01 , which 
is in satisfactory agreement with the calculated value. 

The specific heat of a compound can be calculated in a similar 
way if its molecular weight is known. 

A better method of proceeding is to find the molecular heats for 
the acid groups from the specific heats of certain compounds, and 
then to calculate the molecular heat, or specific heat, of other com- 
pounds from these values. 

132* Polymorphism. — Many solid substances exist in more than 
one modification. In fact, it is now correct to say that this is a 
general phenomenon, as it is known that' the great majority of 
substances exist in more than one form. This phenomenon is oallcd 
M polymorphism,” although it is customary in tho case of elements to 
use the term “ allotropism,” or “ allotropy.” There is no essential 
difference between these two terms, though 41 polymorphism ” does 
not oover the allotropy of non-crystalline substances, such as 
oxygen and ozone, ortho- and para-hydrogen, active and ordinary 
nitrogen, and others. 

Polymorphism is due primarily to differences in crystal structure, 
giving rise to differences in physical properties, such as density. 
If a substance will crystallise in more than one crystalline form, the 
two forms are polymorphs. Thus a substance may crystallise in 
the cubic system, in one form, whilst it may also crystallise in the 
tridinio system, thus providing a new form. Mercuric iodide is an 
example. When mercuric iodide is first precipitated it is yellow, 
but immediately changes to red. If the red form is heated to 
126° C., it changes into the yellow form, which on cooling reverts 
to the red form. The latter crystallises in the tetragonal system as 
octahodra, whilst the yellow form crystallises in the orthorhombic 
system as plates. Saits such as cupri-merouric iodide show the 
effect even better. * This salt changes from red to black on heating 
to about 70° C., the reverse change taking place on cooling. Silver 
mercuric iodide changes from a buff colour to yellow at about 40° 
C., end changes back on oooling. 
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133 . Energy Content o! Polymorphs. — Since polymorphism owes 
its existence to differences in crystal structure, or to differences in 
the number of atoms which go to make up a molecule, it is clear 
that the polymorphs will have differing energy contents. The 
amount of energy contained by a substance will clearly be dependent 
upon the positions of the molecules in the space lattice, and their 
relative motion will be dependent upon the crystal forces. Accord- 
ing to the second law of thermodynamics (§ 315), no change can take 
place spontaneously unless it is accompanied by a decrease in the free 
energy of the system. Consider again the case of mercuric iodide. 
The transformation of the yellow form into the red which takes 
place spontaneously is a typical example of such a process. The 
second law, then, states that this change cannot take place unless 
there is a decrease in the free energy of the system. It follows that 
the less stable form has the greater energy, and the more stable 
form is produced from it with loss of energy. When the unstable 
yellow form of mercuric iodide is transformed into the stable red 
form, energy is given out in the form of heat, and this energy must 
be supplied (by means of a Bunsen burner, or some other source of 
heat) if it is desired to convert the red form back into the yellow. 

This, then, is a special case of a general theorem. Any spon- 
taneous change is accompanied by a decrease in the free energy of 
the system. Certain cases of allotropic change are examples of 
spontaneous changes. 

The fact that the energy of the stable form is less than that of the 
unstable form gives rise to differences in the vapour pressure of the 
forms. Vapour pressure is dependent upon the escape of molecules 
from the crystal lattice. When the molecules possess sufficient 
energy to vibrate in the lattice violently enough, they escape from 
the lattice, forming vapour. The vapour pressure of a solid is 
therefore some indication of the energy possessed by the molecules. 
It would be expected that the more stable form possessing less 
energy, and the molecules being therefore unable to vibrate with as 
great violence, would possess the lower vapour pressure, and the less 
stable form the higher vapour pressure. This is found to be true. 

It would also be expected that the form possessing less energy, 
viz., the stable form, would be less reactive chemically, and this is 
usually so. 

The differences in vapour pressure of various forms of the same 
substance give considerable information as to the stability of the 
forms. 

It was mentioned above that there was a spontaneous trans- 
formation of the less stable, or labile, form into the more stable 
lorm. This does not always start itself, but requires some sort of a 
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Bend-oil. Many such examples are known. Thus, mercuric iodide 
may be kept for some time in the yellow form without returning to 
the red, but when it is touched by a rod, or scratched, it ohanges at 
once. Sulphur may be kept in the monoclinic form for some time, 
but if it is rubbed, the change to rhombic takes place rapidly. 
Substances which are in the labile state when the surrounding 
conditions are such that they would ordinarily be in the stable state, 
are said to be in the mctastable condition. This term has been used 
before, concerning liquefied gases, and supercooling (p. 219). Many 
substances are capable of remaining in the mctastable condition 
for a very considerable period, and particularly is this true of 
metals. In an English winter the ordinary form of tin is usually 
metastable. There are three forms of this metal, two of them being 
white tin and grey tin. The former is stable above 18° C., and the 
latter below this temperature. Hence, whenever the temperature 
falls below 18° C., as it frequently does in winter time, tin in its 
usual form is metastable. Tin articles have boon known to change 
to grey tin in severe winters. Grey tin lias a considerably smaller 
density than that of white tin (5-7 and 7*28 respectively), so that 
the change is accompanied by. expansion, .and the article usually 
falls to a powder. Such a change is commonly referred to as tin 
plague. It is related that when Napoleon marched his men out of 
Russia in 1812 the temperature was so low that the change from 
white to grey tin took place fairly easily, and the tin buttons and 
medals of the soldiers crumbled away. 

As the temperature in this country is quite frequently below the 
temperature at which the one form of tin changes into the other, 
tin often becomes metastable and remains in the white form, 
although it should be converted into grey tin. If this change did 
occur, tin would be almost useless as a metal. 

The temperature at which two forms of a substance become 
equally stable is called the transition temperature. It is the 

Table LVI 


Substance. 


Form. 


Transition Point, *C. 


Sulphur 
Till . 

Zina 

Ammonium chloride 
Mercuric iodide . 
Silver iodide 
Silver nitrate 


Rhombic ==£ Monoclinic 
fGrey White 

l White Rhombic 


« r=±P 

Tetragonal Orthorhombic 
Hexagonal Regular 
Rhombic Rhombohedral 


95 - 6 ° 

13 ° ? I*' 
202 - 8 ° 
174 ° 
3220 ° 
184 * 5 ° 
12 &* 
146 * 5 ° 
160 ° 
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temperature at which both forms possess the same vapour pressure, 
and the same solubility, and may obviously be obtained by finding 
the point of intersection of the vapour pressure, or solubility curves. 
At a temperature slightly below this, one form becomes metastable 
and passes into the other, whilst at a temperature slightly above it 
the reverse change takes place. The transition point of the two 
forms of tin referred to above is 18° C., whilst that of the two forms 
of mercuric iodide is 126° C. 

A table showing the transition points of various systems is given 
on page 311. 

134. Types of Allotropy. — The distinction between various types 
of allotropy rests upon differences in the way in which the transition 
of one form to the other can be brought about. 

In the first place, there arc substances, the two (or more) forms of 
which are converted into each other at a definite temperature, 
the transition point. Examples of this type have already been 
given (mercuric iodide, tin, p. 311). When the substance is heated 
it changes from form A into form B, and the reverse change 
takes place on cooling. This is an example of a reversible trans- 
formation, and this type is called enaniiotropy. It is well illustrated 
by the examples already given, to which may be added sulphur, the 
details of which are given in the table and in § 135. 

Secondly, transformations are known which proceed at all 
temperatures in one direction. There is no definite transition point. 
The transformation of ozone into oxygen is a good example of this 
class. This is called monotropy , and is a case of irreversibility. 
Thus ozone breal® down into oxygen at all temperatures, but a 
reversal of the process by which the change was started does not 
lead to the re-formation of the ozone. 

Thirdly, two allotropes may exist together in equilibrium. One 
form may be changing into the other at exactly the same rate as the 
reverse process is taking place. This is called dynamic allotropy, 
and is exemplified by liquid sulphur, which consists of a mixture of 
two forms of sulphur, designated as SA and Sy, which are in equi- 
librium with each other, the proportions of each present being 
determined by the temperature. 

135. Study of a System of each Type. — (a) Enantiotropy . — As 
already stated, a good example of this is the change of rhombic into 
monoolinic sulphur. If the vapour pressure of the rhombic form of 
sulphur is determined at various temperatures, the curve AB (Fig. 98) 
is obtained. There is, however, an abrupt change in the course of 
this curve at B, the temperature here being 95*6° C., and this is due 
to the change of the sulphur from the rhombic into the monoclinio 
form. In acoardanoe with expectations, the vapour pressure of this 
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form is greater than that of the rhombic. At higher temperatures 
still, in the neighbourhood of 120° 0., there is another abrupt change 
in the vapour pressure curve, and at this point the monoclinic form 
is converted into liquid. If the curve is continued it represents the 
vapour pressure of liquid sulphur, and ultimately a point will be 
reached at which the liquid boils, i.e., the vapour pressure becomes 
equal to the superimposed atmospheric pressure. Here the curve 
comes to an abrupt end. 

If now the conditions are reversed, and liquid sulphur is cooled 
from its boiling point, the vapour pressure follows the curve DC. 
It is possible to make the vapour pressure continue along the curve 
to E, without suffering any abrupt change at C. This happens 
when the liquid is supercooled, and no solid separates out. If, 
however, supercooling is prevented, there is an abrupt change 
in the direction of the vapour pressure curve at C, and 
the monoclinic form is pro- 
duced — this being the stable 
form at this temperature. As 
this is cooled the curve CB is 
followed, and as in the case of 
liquid sulphur it is possible to 
supercool this form somewhat, 
no rhombic sulphur being 
formed. If this is so the 
curve BP is followed. If not 
the curve BA is retraced. 

Obviously this is an enantiotropic system, for the changes are 
completely reversible, and there are definite transition points. 

Enantiotropic changes are also characterised by the fact that the 
transition points of the solid forms lie below their melting points. 
The melting point of the rhombic form will be given by the point 
of intersection of the vapour pressure curves of the rhombic form 
and the liquid form ; it iB shown on the curve as the point E. 
The transition point of rhombic and monoolinic sulphur, i.e., B, lies 
below the melting jjoint of the rhombic form O and that of the 
monoclinic form C. 

(6) Monotropy . — Another class of substances exhibiting poly- 
morphism is that in which the change from one crystalline form to 
the other is not reversible. It is possible to pass only in one direction. 
The reason for this is that the melting point lies below the transition 
temperature of the two crystalline forms. Examples of this typo 
of polymorphism are furnished by the compounds iodine chloride, 
ICL, and benzophenone. Each of the crystalline forms of these 
substances has its own melting point* those of iodine monoehloride 



Fig. 98. — Vapour Pressure Curve of 
sulphur (enantiotropic System). 
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being 13*9° C. and 27*2° C. and those of benzophenone 26° C. and 
48° C. In each case the transition point lies above the melting 
point. 

If a vapour pressure-temperature diagram is drawn to represent 
this type of system a graph of the form shown in Fig. 99 is obtained. 

The curve AP 2 is the vapour pressure curve of the stable form, II, 
of the substance. At the temperature represented by P 2 the 
substance melts and passes into the liquid state, of which the vapour 
pressure curve is P a B. The corresponding vapour pressure curve 
for the mctastable form is CPj. This form melts at P lf and the 
curve P X B is the vapour pressure curve of the liquid. The actual 
transition point of the two crystalline forms would be P 8 , the point 
of intersection of the vapour pressure curves of the two forms, but 
as this is above the melting point of both forms it is never reached. 

(c) Dynamic AUotropy. — Certain 
allotropic forms of elements are 
capable of existing together in a state 
of equilibrium. There is no question 
of a transition point. The propor- 
tion of any one form present at 
equilibrium is dependent upon the 
temperature, and sometimes upon the 
pressure. 

The best-known example of this is 
the allotropy of the two liquid forms 
of sulphur, SA and S/x, which coexist 
in ordinary molten sulphur. These 
forms differ in molecular complexity. This type of allotropy can 
only exist when the forms involved are miscible, or partly so. 

136. Enantiotropy and Monotropy Combined. — It is possible for 
the two types of allotropy — enantiotropy and monotropy — to exist 
in the same system, if the substance concerned can exist in more 
than two crystalline forms. Sulphur is a case in point. It can 
exist in eight different crystalline forms, but of these the only two 
which show the relationship of enantiotropy towards each other are 
the rhombic and monoclinic forms. All the other forms are meta- 
stable with respect to rhombic and monoclinic sulphur, even up to 
the melting point, t.e., their transition points lie above the melting 
point, and they are therefore monotropic. 

137. Methods of determining Transition Points.— There are several 
methods by which transition points may be determined, though in 
any particular case it is usually found that one presents many 
advantages over another. * Besides their use for investigating the 
transition of one allotropic form into another, many of these methods 



Fig. 99. — Vapour Pressure 
Curve for a Monotropic 
System. 
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are applicable to the study of equilibrium between salt hydrates 
(see p. 395). The first method is the : — 

Thermometrtc Method , — It may be regarded as a general rule that, 
when one phase changes into another, heat is either absorbed or 
liberated. Thus, if water is gradually heated, its temperature 
slo'wly rises until the boiling point is reached, when it remains 
stationary until all the water has boiled away. This is due to the 
fact that heat is taken up in causing the change of state — the latent 
heat of evaporation. Similarly, if water is cooled, its temperature 
gradually decreases until the water starts to freeze, when it remains 
constant. When all the water is converted into ice the temperature 
again falls. 

The same considerations affect the change of phase which takes 



Fio. 100. — Cooling Curve for Iron. 


place at the transition point. If a substance is cooled from above 
the transition point, when the transition point is reached the 
temperature remains constant, or may actually appear to incaease a 
little if any considerable supercooling takes place. This is well 
shown by the figures obtained in the cooling of iron. If iron is 
cooled from its melting point and the difference in temperature 
between a platinum wire cooling with it, and the iron itself, is noted 
at different temperatures, and the results are plotted, a curve is 
obtained similar to that shown in Fig. 100. 

As one form of iron changes into another, there is an evolution of 
heat, causing the ascents in the curve. From the melting point 
down to 1,400° C. a form of iron known as 8-iron is stable. Little 
is known about it. From 1,400° C. to 895° C., y-iron is the stable 
form. Where the 8-form changes over to the y-form there is an 
evolution of heat, not veiy large, but sufficient to cause a slight 
hump in the curve, y-iron is the form in whioh iron usually crystal- 
lises from its alloys. It has the power of forming solid solutions 
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with carbon. At 895° C. y-iron changes into a-iron, and here there is 
quite a large evolution of heat. This was the first of these transition 
points to be discovered, for the amount of heat evolved is much 
greater than at the other transitions. If a piece of iron heated to 
1,000° C. is allowed to cool, the amount of heat given out at this 
temperature is sufficient to cause the iron to glow, and hence the 
phenomenon has been termed recalescence. y-iron has no magnetic 
properties. At 766° C. the a-form becomes magnetic, a-iron is the 
principal constituent of wrought iron. 

Dilatometric Method . — When one allotropie form changes into 
another there is usually a change in volume. To determine the 
transition point it is necessary to determine 
the temperature at which this change in volume 
occurs. This can be done by means of the 
dilatometer, an instrument somewhat like a 
thermometer in design, but having a larger 
bulb. Originally, the instrument is made of 
the form shown in Fig. 101, i. The bulb A has 
not yet been sealed off. It is connected to a 
capillary tube, backed by a scale. The sub- 
stance to be examined is introduced into the 
bulb A through the tube B, which is then sealed 
off. A liquid which does not act chemically on 
the substance to be examined is introduced 
into the tube, so that it covers the solid, and 
reaches a level on the scale. The apparatus is 
now gradually warmed in a bath, of which the 
Fig. 101. — Dilato- temperature is noted. At each reading of the 
mete fii.) seated^ ^ * temperature, the height of the liquid in the tube 
is noted. Up to a certain temperature (the 
transition point), the liquid will rise uniformly in the tube, as there 
is uniform expansion of liquid and solid, but at the transition 
point there will be an increase in volume of the solid due to change 
in its form, and hence an additional rise of the liquid in the tube. 
After this the expansion is once again uniform. On cooling, the 
reverse series of changes takes place. 

Usually there is a certain lag in the expansion or contraction, and 
the curves obtained for the two cases are shown in Fig. 102. The 
ourve ABCD is the heating curve ; the curve DCEF is the cooling 
ourve. If there were no lag, the portions of the curve indicating a 
rapid increase in volume would coincide. It is obvious that they 
do not. The correct transition point is the mean of the temperatures 
indicated by the two processes. 

Another method of using the dilatometer is to fill the bulb with a 
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mixture of the two forms, the transition point of which is to be 
determined. If the instrument is now placed in a bath, the tem- 
perature of which is exactly the transition point of the two forms, 
they will not be altered iu any way, and consequently there will be 
no change in volume. If an expansion is found, the temperature of 
the bath is altered until there is a slight contraction.^ The transition 
point lies between these two temperatures, and can be determined 
by careful adjustment of the temperature of the bath. The method 
was used by Reicher (1884), to determine the transition point of 
rhombic and monoclinic sulphur. A mixture of the two forms was 
placed in the bulb, and a mixture of 1 part of carbon disulphide and 



Fio. 102.— Dilatometer Curves. 


5 parts of turpentine was used as the indicating liquid. The results 
obtained are summarised on page 318. 

It will be notioed that at 95*1° C. there is a contraction. Since 
the specific volume of monoclinio sulphur is greater than that of 
rhombic sulphur, this signifies a transformation of the monoclinio 
into the rhombic form. At 90-1° C. there is an expansion, showing 
that the reverse change is taking place. At 95-6° C. there was 
practically no change, The dilatometer in this experiment was 
sealed up, and the pressure developed was about 4 atmospheres. 
The value of the transition point obtained must be corrected if the 
value at atmospheric pressure is required. 

Measurement of Vapour Pressure.— It has already been noted 
that the vapour pressures of allotropic forms are different, but it is 
obvious that at the transition point they become the same. U, 
then, the temperature at which the vapour pressures of two all* 
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Temperature, 95*1° Cl 


Time, 

Level of Liquid, 

■ana. 

mm. 

5 

343-5 

30 

340-5 - 

55 

335-75 

65 

333 


Temperature, 95-6° C. 


Time, 

mins. 

I jevel of Liquid, 

mm, 

5 

368-75 

100 

368 

110 

368-75 


Temperature, 96-1° C. 


Time, 

mine. 

Level of Liquid, 
mm. 

5 

342-75 

30 

354-75 

55 

360-5 

60 

361-5 


tropic forms become identical can be determined, it gives the 
transition point. The simplest method of determining the vapour 
pressure of a solid is by means of a tensimeter. One form of the 
apparatus (illustrated in Fig. 103) consists of two bulb tubes con- 
nected to the limbs of a U-tube. The U-tube is filled with some 
manometric liquid such as pump oil. If it is desired to find the 
vapour pressure of a salt hydrate, some of the hydrate is placed in 
the bulb d , and strong sulphuric acid in e. The necks d' and e' are 
then sealed off, The instrument is now placed on its side so that 
the liquid in the U-tube runs into the bulbs a and 6, and it is ex- 
hausted by a pump connected at/. After complete exhaustion, the 
neck is sealed at /. The apparatus is now set up vertically in a 

1 This table is taken from A. Findlay. The Phase Buie (Longmans), 
1923, p. 284. The student is referred to tins book for further details of the 
determination of transition points. 



TRANSITION POINTS 


319 


thermostat, and the differences in the levels of liquid in the U-tube 
noted. The vapour pressure of the sulphuric acid may be taken as 
zero, hence the difference indicated is a measure of the vapour 
pressure of the salt hydrate. Observations are made at various 
temperatures. 

When dealing with alio tropes, one form may be placed in one 



bulb and one in the other. Both bulbs are heated to the same 
temperatures, and when their vapour pressures become equal there 
will be no difference in level in the U-tube. At this temperature 
both substances are equally stable, *.e., the temperature is the 
transition temperature. 

All the usual methods for determining vapour pressure can be 
used also for these measurements, but the one described is the most 
convenient. 

Change in Solubility.— At the transition point, the solubility of 
the two forms becomes the same. The method is, however, usually 
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employed for determining transition points between salt hydrates. 
Thus, if the solubility of ordinary crystalline sodium sulphate is 
plotted, it is found that there is a distinct break at 32*383° C. At 
this temperature sodium sulphate decahydrate, NajSO^lOHgO, is 
converted into the anhydrous salt, which has a solubility curve 
altogether different from that of the hydrate. The temperature at 
which the break occurs is the transition point between these two 
forms (Pig. 104). 

Ammonium nitrate exists in five different crystalline forms. In 
each case there is a different solubility curve. The form known as 
/!- rhombic passes into y-rhombic at a temperature of about 32° C., 
and so there is a break in the solubility curve at that point (Fig. 105). 

It will be realised that the point where the break occurs is really 
the point of intersection of two separate solubility curves, and at 
that point both forms have the same solubility. 

Optical Methods . — Sometimes there is a visible alteration in one 

form when it changes into another. 

583 1 Thus the colour changes of the 

/ mercurio iodide complex salts, and 

& of mercuric iodide itself, can readily 

be observed, and the temperature at 
/ which the change takes place is the 

T«mp*r.ta« transition point. Changes in crystal- 

Fio. 104. — Solubility Curro line form, when unaccompanied by 

of Sodium Sulphate. changes in colour, may be observed 

under the microscope. Also, changes in the refraction of crystals 
can be thus observed. 

Electrical Methods . — When a metal is placed in a solution of one 
of its salts, there is a potential difference between the metal and the 
solution. The amount of this potential difference depends upon 
the form' of the metal, and the concentration of the solution. If, 


therefore, an electrical cell is made up of a metal, say tin, with 
one electrode of one allotrope and the other of the other allotrope, 
placed in a solution of a salt of the metal, say ammonium stanni- 
chloride, the cell will possess a certain electromotive force (E.M.F.), 
which could send a current through an external circuit. If arrange- 
ments are made to warm the cell, when the transition point is 
reached, the two forma become equally stable and have the same 
potential with respect to the solution. Hence, at this temperature 
the cell has no E.M.F. It is thus possible to determine the transition 


point with accuracy. The method will be more fully understood 
after reading Chapter XVI. 

Other Methods . — The transition temperatures of some salts have 
been found by plotting the viscosities of saturated solutions at 
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various temperatures. A sharp break in the viscosity curve oooun 
at the transition point. 

An interesting method that has been used to determine the 
transition point between a- and ^9-zinc is the resistance to indenta- 
tion. 

Conductivity for heat and electricity has also been used for thia 
purpose. Indeed, it may be said that almost any physical property 
can be used for determining transition points, for the physical 
properties of allotropes or polymorphs usually differ considerably. 

138. Comparison o! Melting Points and Transition Points. 

( 1 ) Analogies,— '(a) Both transition temperatures and melting points 

are perfectly definite temperatures, and may be used for thermo- 
metric standards. It is usual to employ the melting point of ice as 
a fixed point in thermometry, but transition points are eq ually 
suitable and have frequently been 
proposed as subsidiary standards. 

Many transition points are known 
correct to one-thousandth of a 
degree. Thus, the transition point of 
sodium sulphate decahydrate to the 
anhydrous salt is known to be 
22*383° C., and has been proposed as 
a fixed point in thermometry. 

(6) Both transition points and 
melting points are affected by 
pressure. The way in which the 
transition point is altered depends, 
like the case of the melting point, on whether the new phase occupies 
a larger or smaller volume than the old. Soma substances expand 
on transition. In this case the transition point is raised by increase 
of pressure. If contraction occurs on transition, increase of pressure 
causes a lowering of the transition point. This is an application of 
the theorem of Le Chatelier and Braun 1 that whenever a constraint 
is placed on a system in equilibrium, the equilibrium is altered in 
such a way as to tend to annul the effect of the constraint. The 
effect of an increase in pressure on a body is to decrease its volume. 
Consider two forms of a substance, A and B, the form A being stable 
above the transition point, and B below it. Suppose the two forms 
are existing together in equilibrium at the transition point. When 
the extra pressure is applied, the result is to transform the substance 
entirely into that form which has the smaller volume, thus tending 
to annul the effect of the pressure. In other words, the equilibrium 

1 This theorem is sometimes referred to simply as the theorem of Lt 
Chatelier, and sometimes as the theorem of he Chatelier and Van’t Hoff. 
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condition is entirely upset, and in order to restore it the temperature 
must be raised or lowered. Thus, the new transition point will be 
either above or below the old, according to which form has the less 
volume. 

(c) At both transition point and melting point there is an evolu- 
tion or absorption of heat when passing from one phase to the other. 
The stable form at higher temperature always passes into that 
stable at lower temperature with heat evolution, a fact made use of 
in the determination of transition points by the thermometric 
method already referred to. The same applies to melting points. 
The reverse effect is found in the transition from a form stable at 
low temperatures to that stable at high temperatures. Here there 
is an absorption of heat. Both these effects follow from Le 
Chatelier’s theorem. At the transition point both forms are 
equally stable. If the mixture of the two forms at the transition 
point is heated, the equilibrium will be shifted in such a way 
that heat is absorbed. Hence the form stable at high tempera- 
tures must be formed with absorption of heat. On the other hand, 
if the mixture of two forms at the transition point is cooled, that 
form will be produced which is stable at low temperatures, and 
it will be formed with evolution of heat. 

(d) The addition of a second substance causes the transition point 
to be lowered, just as it causes a depression of the freezing point. 

(2) Differences . — (a) Transition points usually mark the change 
from one solid phase to another solid phase, whereas the melting 
point marks the transition from a solid to a liquid phase. The 
change in the case of transition will be considerably slower than 
with melting, for the movement of molecules in solids is slower than 
in liquids, and it will therefore take a longer time to rearrange the 
molecules. 

(6) Arising out of this, it is clear that owing to the difficulty 
experienced by molecules of solids in changing their arrangement, 
it is quite possible to superheat a form without the transformation 
taking place. Thus it is possible to superheat rhombic sulphur and 
get no monoclinic sulphur formed. This is not possible with the 
melting point. It is almost impossible to superheat a solid above 
its melting point. 

139. Study of some Common Allotropic Systems. — (1) Sulphur . — 
There are said to be more allotrcpes of sulphur than of any other 
element, but there is not the slightest doubt that many oi the 
so-called “ allotropes ” are mixtures. The chief forms are i 

ot-Sulphur (Rhombic or Octahedral), 

J9-Sulphur (Monoclinic or Prismatic), 

Nacreous Sulphur. 
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Tabular Sulphur, 
y-Sulphur (Plastio), 

8-Sulphur (Amorphous), 

Colloidal Sulphur, 

A-Sulphur, 

Sulphur, forms of liquid sulphur. 

rr-Sulphur (possibly) 

The allotropy may conveniently be considered under the head- 
ings : — 

I. Solid equilibria, enantiotropic changes. 

II. Crystalline solid monotropio forms. 

III. Liquid sulphur. 

IV. Colloidal systems. 

I. — Ordinary a-sulphur is enantiom orphic with jS-sulphur. When 
a-sulphur is heated to 95*6° C., it is converted into the j3-forin, and 
when the latter is cooled it reverts to the a-forms at this tempera- 
ture — the transition point. The molecular formula of these two 
varieties is S 8 . This formula has been obtained by studying the 
lowering of the freezing points of certain solvents, on dissolving 
known amounts of the forms in them. Study of the elevation of 
the boiling points of these solvents, when sulphur is dissolved in 
them, leads to the same result (§ 237). 

II. — Nacreous, or mother of pearl sulphur, was discovered by 
Gemez in 1884.' Molten sulphur, after heating in a test-tube to 
above 150° C,, is cooled down to, and maintained, at a temperature 
of 100° C., in a water-bath. On gently scratching the walls of the 
tube with a glass rod, the sulphur crystallises in the nacreous form. 
It can also be obtained by crystallisation of a solution of sulphur in 
benzene, but special conditions must be observed. It is monoolinic, 
but has not the same interfacial angles as j8-sulphur, This is an 
example of monotropy in the sulphur system, for nacreous sulphur 
is always metastable, changing to rhombic or monoclinic sulphur 
according as the temperature is below or above 95*6° 0. It is, 
however, possible to melt nacreous sulphur at 106*8° C., before it 
has had time to change into another solid form. 

Tabular sulphur is said to be formed when solutions of ammonium 
sulphide in alcohol are oxidised at temperatures below 14° 0. It is 
also monoclinic, but with different angles from jS-sulphur. Like 
nacreous sulphur, it is a monotropic form. 

HI. — Liquid sulphur presents a diffi cult problem. When sulphur 
is heated to a temperature above its melting point it forms, at fust, 
an amber-coloured liquid, which, as the temperature is increased* 
becomes darker and more viscous, until, at one stage, it cannot be 
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poured from the tube. As the temperature is increased still further, 
the liquid becomes more mobile, until finally it boilB. Tiie changes 
in colour and other physical properties are due to the change in the 
relative proportions of two allotropes, known as A-sulphur and 
/x-sulphur. Aten (1912-13) believed that another allotrope, 
^-sulphur, was also present in the liquid, but this conclusion is open 
to some doubt. It is now generally considered that liquid sulphur, 
consists of the two allotropes, SA and S/i, in dynamic equilibrium 
(Ch. VIII.). These two allotropes are not completely miscible, but 
form a sol (§ 329). The amber-coloured liquid formed when sulphur 
first melts seems to be pure SA, but as the temperature is increased S fi 
is formed in increasing quantities, until, at the boiling point, the 
liquid is almost pure S p. S p. is probably colloidal, and has a high 
molecular weight. From the work of West and Mcnzics on the 
thermal data for liquid sulphur, high molecular weights are to be 
expected, possibly as high as S 16 . 

IV. — When liquid sulphur is rapidly cooled, plastic sulphur, or 
y-sulphur, is produced. The nature of this form may vary, since it 
will depend upon the composition of the liquid from which it is 
prepared. It is a rubber-like mass, and may be a gel (§ 329), since 
sols (liquid sulphur is a sol) often give gels on solidifying. If this is 
so, the continuous phase is, probably, jS-sulphur, and the disperse 
phase /a-sulphur. The structure of plastic sulphur has recently 
been studied by Trillat and Forestier, who find that this form is not 
amorphous, as would be the case if it were merely a supercooled 
liquid like glass. X-ray examination shows that the sulphur gives 
a “ fibre photograph ” (p. 304), with a definite crystalline form. This 
may be due to the /1-sulphur. These observers noted also that 
exposure to X-rays caused a rapid conversion of plastic into rhombic 
sulphur. 

Colloidal sulphur itself is frequently produced in chemical reactions 
involving sulphur compounds. Thus, when dilute hydrochloric or 
sulphuric acid is added to a dilute solution of sodium thiosulphate, a 
solution is obtained containing colloidal particles of sulphur. The 
colloidal sulphur may be coagulated by the addition of an electrolyte. 

The nature of amorphous sulphur, 8-sulphur, has not yet been 
fully established. This substance has yet to be examined by the 
X-ray method, when possibly it may be found to be micro-crystalline. 
This form of sulphur is obtained by adding an acid to a solution of a 
polysulphide, such as yellow ammonium sulphide. The fact that 
it iB soluble in carbon disulphide, like a* and /J-sulphur, lends 
support to the view that it may be micro-crystalline. 

(2) Phosphorus . — There are three real allotropes of phosphorus, 
which are named acoording to their colour, white, violet and blaok 
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phosphorus. Red phosphorus is a solution of violet in white, whilst 
the so-called “ scarlet phosphorus 99 of Schenck is merely violet or red 
in a fine state of division. 

White phosphorus, which is the form commonly occurring, is not 
the stable form* The system is monotropic (p. 312). There is no 
definite transition point between white and violet phosphorus, as 
the transition point lies above the melting point. When the liquid 
obtained from any form is -cooled, it does not follow the stable curve, 
but passes across to the metastable, along PjP, in Fig. 99. Thus 
white phosphorus is always formed as a result of cooling liquid 
phosphorus. This follows the “ law of successive reactions 99 
enunciated by Ostwald (§ 142). 

White phosphorus is the metastable form, and that this is so is 
evident from many of its properties. It is by far the most reactive 
form. It therefore contains more energy than red or violet. More 
heat is given out in its combustion. It will glow . It has the greater 
vapour pressure at ordinary temperatures. 

Violet phosphorus is obtained by crystallising phosphorus from 
molten lead or bismuth, and then dissolving away the metal electro* 
lytically, or with nitric acid. This form lias a much lower chemical 
activity than the white form. It does not glow 1 , and it has a lower 
heat of combustion. It also has a lower vapour pressure at ordinary 
temperatures. 

Red phosphorus is known to be a solid solution of white in violet, 
because of its varying properties. According to its mode of prepara- 
tion, it contains varying amounts of white phosphorus, which can 
be removed by careful washing with water, when the violet form is 
left. It also varies in colour, though this may be due to variation 
in particle size rather than in composition of the solution. 

The point to be emphasised about the allotropes of phosphorus 
is that they form a monotropic system, there being no transition 
point. 

By exposing white phosphorus to great pressure at 200°, Bridgman 
prepared a black form of phosphorus. In properties this is similar 
to violet, but is a better conductor of heat and electricity. 

White phosphorus appears to exist in two forms with a transition 
point at — 77° C. at amospherio pressure. 

(3) Carbon . — There are probably only two allotropes of carbon- 
diamond and graphite. At one time it was customary to call each 
form of charcoal an allotrope of the element, but A -ray analysis 
shows that some of them are microcrystalline and have the graphite 
structure, and therefore should not be called separate allotropes. 
They are probably merely graphite in a very fine state of 
division. This may be true of all the charcoals— so-called 
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“ amorphous ” forms — although all of them have not yet been 
examined. 

Diamond and graphite differ in their crystalline structure, but as 
regards their stability there is very little difference. This accounts 
for the fact that transition from one form to the other is extra- 
ordinarily slow. The heat of combustion of diamond is 7,873 gm.- 
cals. per gram, whilst that of graphite is 7,832 gm.-cals. per gram. 
These figures indicate that the intrinsic energies (pp. 611, 617) of 
the two forms are almost identical, but that diamond, as it contains 
slightly more energy, is the metastable form at ordinary tempera- 
tures. However, the conversion of diamond into graphite has 
never been observed to take place spontaneously at any tem- 
perature. 

( 4 ) Nitrogen . — If the silent electric discharge is passed through 
nitrogen, a form of the gas with enhanced activity, called “ active ” 
nitrogen, is produced. This active nitrogen, as would be expected, 
is very unstable. It changes back to the ordinary form with the 
emission of light. 

The chemical activity of the gas is shown by the fact that it 
combines directly with the vapours of many metals, giving nitrides. 
It reacts with sulphur at 100° C., giving a mixture of nitrogen 
sulphides. It also combines directly with phosphorus and with 
many typos of hydrocarbons. With nitric oxide, a very peculiar 
reaction takes place : — 

Native +2NO =- NO, +N r 

The nature of active nitrogen is still unknown. As the glow is 
increased by cooling, and decreased by heating, it was at first 
thought that the re-formation of nitrogen molecules was taking 
place by the combination of smaller units, such as atoms. Heat 
would tend to prevent this. If active nitrogen consisted of atoms 
of nitrogen, or of molecules with the formula N 3 , it ought to be 
possible to liquefy the gas, but this has never been done. If, too, 
the gas consisted of single atoms, the amount of energy imparted by 
the discharge should be sufficient to oause the breakdown of the 
molecules to form these atoms, but calculation shows that it is quite 
insufficient for this task. It seems probable that energised mole- 
cules are produced by the electric discharge. Sir J. J. Thomson 
suggests that the outer ring of electrons, which in ordinary nitrogen 
contains five, may divide into four and one, thus giving a molecule 
with increased energy. 

(6) Hydrogen . — Recently it has been shown that ordinary 
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hydrogen consists of two distinct forms which differ slightly in 
physical properties. Their existence was predicted from calcula- 
tions based on wave-mechanics. Hydrogen was stated to be 
capable of existence in two forms differing in nuclear spin (p. 140). 
A short time later, hydrogen was actually separated into its two 
allotropes, by fractional adsorption on charcoal under pressure, at 
the temperature of liquid air, The two forms are called ortho- and 
para-hydrogen, and the ordinary gas is an equilibrium mixture 
containing about 67 per cent, of the ortho form. As an example of 
differences of properties of these two forms of hydrogen, melting 
points may be quoted : that of para-hydrogen is 13*83° Abs., that of 
ortho-hydrogen is 13*96° Abs. There is also a difference in boiling 
point, and in specific heat. 

(6) Tin . — Tin is a trimorphous metal. The upper transition 
temperature is 202*8° C., and the lower 18° C., though some estimates 
have placed the latter at 13° C. Reference has already been made 
to the existence of two enantiomorphous forniB of tin with the 
lower transition point, and it was pointed out that ordinary white 
tin is frequently in the metastable condition in this countiy. The 
ohange from white to grey tin is very sluggish, and if it were not for 
this tin would be practically useless as a metal. The reverse change 
from grey to white is not so slow, and takes place rapidly when hot 
water is poured over grey tin. The change from white to grey 
takes place much more readily when nuclei of grey tin are already 
present, and it therefore appears to spread by infection ; hence the 
name “ tin plague ” which has been given to this change. 

The transition at the higher temperature is from tetragonal to 
rhombic crystals. Tetragonal tin has the highest density of the 
three forms. 

18° C. 202*8° C. 

Grey tin ^ Tetragonal tin ^ Rhombic tin 
Sp. gr. Sp. gr. Sp. gr. 

5-80 7-286 6-56 

(V, Antimony . — Antimony exists in a number of allotropio 
modifications. Yellow, or a-antimony, is very unstable, and is 
formed by the action of ozonised oxygen on liquid stibine at — 90° C. 
It changes readily into a black powder, thought to be amorphous. 
This in turn soon changes into the ordinary form of antimony, the 
rhombohedral or /?-form, at ordinary temperatures. Amorphous 
antimony was obtained by Gore in 1858 by the slow electrolysis 
of a strong solution of antimony trichloride in hydrochlorio acid 
with a platinum cathode and an antimony anode. This form is 
very unstable, and when scratohed falls to a powder with a slight 
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explosion. As the fumes given off in this explosion always contain 
antimony trichloride, it is thought that this so-called “ allo- 
trope ” is only a solution of the trichloride in black amorphous 
antimony. 

140. Velocity of Transformation of Metastable into Stable Form9. — 

It has already been mentioned that the change from one form to 
another docs not necessarily take place rapidly. There are numerous 
external conditions which alter the speed at which the change takes 
place. Many transformations of metastable into stable forms take 
place with extraordinary slowness. In fact, in some cases the 
form of a substance ordinarily met with is the metastable form 
which has not changed, and shows no signs of changing, into the 
stable form. White phosphorus, for example, is metastable, and 
shows no inclination to change into red except in the light ; and, as 
already stated, there are frequent occasions upon which white tin 
is metastable, and yet the sluggishness that characterises the change 
from white to grey tin makes it possible to preserve articles made of 
white tin indefinitely. Often the slowness is due to the fact that 
crystal forces of some magnitude have to be overcome, and bonds 
broken and re-made. Where the new phase has not appeared, the 
transformation is said to be “ suspended.” 

It has been found that, in order to avoid suspended transforma- 
tion, it is necessary to have present a small quantity of the phase it 
is desired to obtain. The effect of “ inoculation ” of a system with 
a crystal of the substance required from it is well known. The 
amount of substance required to act in this way is exceedingly 
small, and has been measured in the case of supercooled salol, 
1 X 10~ 7 gms. being sufficient to bring about crystallisation. The 
presence of this small amount of substance provides a certain 
number of crystallisation nuclei, around which others form, and 
the whole mass crystallises. 

Mechanical shock can also bring about transformation. Hence 
the value of stirring and scratching the sides of the vessel containing 
the melt in bringing about crystallisation. The mechanism of this 
method is not known. 

It must be understood that it is not all solids that can bring 
about crystallisation from a system in suspended transformation. 
Only the substance itself, or one possessing a very similar crystal 
lattice, is effective. 

The velocity of crystallisation of supercooled liquids has been 
studied by a number of investigators. The supercooled liquids 
were placed in narrow glass tubes, and crystallisation was started 
by inoculation. The time taken for the crystallisation to get a 
certain distance along the tube was determined. It was found that 
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for any given degree of supercooling the velocity of eiystallisation 
was constant- As the degree of supercooling is increased, the velocity 
of eiystallisation also increases up to a maximum. This maximum 
remains constant over a large range of temperature, after which 
it diminishes again, and for very severe supercooling may 
become zero. This is probably what has happened in the case of 
glass. 

The velocity of transformation is affected in various ways by 
many other external agencies. Thus the addition of a liquid which 
dissolves both forms may considerably accelerate the velocity of 
transformation. At the transition point, the solubilities of the two 
forms become equal, but at any given temperature, the solubility 
of the more stable form is less than that of the less stable. If two 
solid phases are brought into contact with a solvent which dissolves 
both of them, it will dissolve one form more than the other. The 
solution will become saturated with respect to this form, the less 
stable one, but is then supersaturated towards the stable form, and 
this is deposited. An example of this is the well-known fact that 
tin changes more readily from white to grey in the presence of a 
solution of ammonium stanni- chloride. It is necessary to state, 
however, that a solvent may sometimes retard the velocity of 
transformation, especially if it be viscous. 

Temperature may affect the change. As already mentioned, the 
velocity of crystallisation of a supercooled melt depends upon the 
temperature. 

Certain substances, added in small quantities to the system, may 
cause the change to be brought about more readily, acting in this 
way as catalysts. The best-known case of this is the acceleration 
of the change of white phosphorus into red by the addition of a very 
small quantity of iodine. 

141. Mechanical Strains in Metals. — The question of metastability 
of metals has received a good deal of attention because of its great 
practical bearing in everyday life. The practical usefulness of 
many metals depends alone upon their metastability. 

When copper and some other metals are stretched and rolled and 
hammered, their properties are considerably altered. They become 
harder, and their tensile strength increases. This can be shown to 
be due to a change of state of the metal, the new state being meta- 
stable because the metal possesses a higher solution pressure alter 
treatment than it did before, resulting in its being more electro- 
negative with respect to a solution of one of its salts (§ 322). 

It is thought that a metal in this metastable condition is very 
much like glass. In the process of working, the crystals aie, in 
part, broken down, and the substance becomes semi-amorphous. 
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Just as glass denitrifies on heating, so the metal after treatment, 
when it is heated, passes from the semi-amorphous, metastable 
state into the crystalline stable state. 

142. The Law of Successive Reactions. — It has frequently been 
observed that when a substance passes from a metastable into a 
more stable condition, it does not reach the most stable form at 
once, but attains it through successive stages. If sulphur vapour 
is cooled it is first transformed into a liquid, which solidifies in the 
monoclinic form and slowly changes to the rhombic. The liquid 
sulphur does not change at once into rhombic sulphur. White 
phosphorus is always formed when phosphorus vapour is cooled, 
although it is the metastable state, and only with extreme slowness 
is violet phosphorus formed from it. In organic chemistry it is 
frequently found that a substance is deposited as an oil, which 
gradually undergoes solidification to crystals. The oil is not the 
stable form, or it would not spontaneously crystallise. 

There are a very large number of these examples, and Ostwald 
has made the generalisation called the law of successive reactions to 
embrace them. This states that when a system passes from a less 
stable condition it does not pass directly into the most stable, but 
reaches this by traversing intermediate conditions of progressively 
greater stability. 

There are some apparent exceptions to Ostwald’s Law, but it may 
be taken as true in the great majority of cases. 

143. Smits’ Theory of Allotropy. — It has already been stated that 
allotropy is thought to be due to change in crystalline form, though 
it has not been said why there should be such a change. Smits’ 
theoiy of allotropy differs considerably from this. He regards solid 
bodies as complex mixtures of various molecular species. The 
molecules can be single, double, triple, and so on. All these molecular 
aggregates are in inner equilibrium. If this equilibrium is disturbed 
in any way, and cannot be restored, the properties of the substance 
will change, and we shall have an allotropic form. There is no doubt 
that solids are highly complex and made up of various molecular 
aggregates. Strictly speaking, it is not possible to talk about the 
molecular weight of a solid owing to the various degrees of poly- 
merisation met with. Smits’ theory has been very useful in solving 
some problems concerning the equilibrium relations of polymorphic 
substances, but has not been sufficiently investigated. 

It has provided an explanation of the problem of intensive drying. 

144. The Effect of Intensive Drying on the Properties of Liquids.*- 
When a liquid is dried very completely, by sealing it up for some 
yearn, with phosphorus pentoxide in flasks made of resistance glass, 
its physical and chemical properties are found to be considerably 
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altered. The effect is most pronounced on the boiling points of 
liquids, which are increased in some cases by 60° C. The table 
below gives the variation in boiling point noted when substances 
have been intensively dried for a period of years : — 


Table LVIII. — Effect of Intensive Drying on the Boiling 
Points of Liquids 


Liquid. 

Period of 
drying 
(years). 

Original 

b.p.,**/. 

Now 

Kp., 

Rise Id 
b.p., "C. 

Mercury 

9 

357 

420 

63 

Ethyl alcohol 

9 

78-3 

138 

59-7 

Bromine 

8 

63 

118 

55 

Methyl alcohol . 

9 

65 

120 

55 

Ether 

9 

35 

83 

48 

Propyl alcohol 

9 

97 

134 

37 

Carbon tetrachloride . 

9 

78 

112 

34 


When a solid is dried in a similar way , its melting point is inereased, 
but the effect is not so marked. 


Table LIX. — Effect of Intensive Drying on the Melting 
Points of Solids 


Substance. 

Normal ra.p., # C. 

New m.p., # C. 

Rise In xn.p., *0. 

Sulphur trioxide (a). 

50 

61 6 

116 

Sulphur 

112-5 

117-6 

5 

Bromine 

—7-3 

— 4*5 

2-8 

Iodine . 

113 

116 

3 


The explanation of this curious phenomenon is not easy to arrive 
at, as there are very conflicting statements in the scientific literature 
concerning it. The fact which does seem clear, however, is that 
when a liquid has been carefully dried it does not give a steady 
Btream of vapour, unless it is heated to a temperature considerably 
above its boiling point, as usually determined. In these experi- 
ments, the bulb of the thermometer was placed in the liquid, and 
not in the vapour, as in the ordinary procedure. There are two 
possible explanations of this fact. (1) That some inner equilibrium 
is disturbed by the drying, thus giving rise to different properties. 
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(2) Something has happened to the surface of the liquid wh 
prevents normal evaporation and encourages superheating. 

A glance at the first explanation shows that it fits in very well 
with Smits* theory of allotropy. A liquid, like a solid, is supposed 
by Smits to consist of a complex mixture of various molecular 
types, all in equilibrium with each other. It is possible that drying 
alters this equilibrium, thus altering the general physical properties 
of the liquid^ This would also explain the effect on the melting 
points of solids. This view is supported by the fact that during the 
drying the surface tension of the liquids rose continuously, reaching 
a value indicating an increased molecular weight according to the 
Ramsay and Young equation. 

Further, Smits suggested that if a liquid which had been inten- 
sively dried were to be distilled it might be found that it could be 
fractionated into normal and associated liquids each having a 
different boiling point. It has been claimed that this has actually 
been demonstrated. Dried benzene when completely distilled gives 
a vapour coming over at different temperatures. If this is so, 
however, it is difficult to see why any ordinary liquid, like water, 
which is partially associated, does not show a similar fractionation, 
unless it be that the absence of water in the above cases not only 
alters the equilibrium, but prevents its re-establishment. 

There are several facts which argue against Smits* theory. In 
the first place, it is hardly to be expected to be true on thermo- 
dynamic grounds, for it would mean that the addition of a very 
small amount of water to the intensively dried liquid produces an 
enormous effect, whereas further additions have not the slightest 
effect in the same direction. It is contrary to experience to find 
the addition of such a small quantity of water malting such a pro- 
found change in the free energy of the system. 

On kinetic grounds, too. it is highly improbable. The minute 
amount of water necessary to effect such a great change in properties 
throughout the whole liquid phase means that the water would 
have to exert some force far beyond the ordinary range of ordinary 
molecular forces. This could only happen by some transmitted 
effect i'or which there is no evidence. 

Further, J. W. Smith has studied the rate of evaporation of 
ethyl bromide in a vacuum across a constant temperature gradient, 
and finds that it is retarded by intensive drying. The vapour 
pressure, however, remained unaltered, and there was no variation 
in the distillates, No fractionation had taken place as might have 
been expected if the inner equilibrium had been changed. Boiling 
occurred with considerably more difficulty in the intensively dried 
liquid. Observations of a kind have been made on the rate 
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oi evaporation and condensation of ammonium chloride, with the 
same result. It seems extremely probable that the internal equi* 
librium in a liquid is not altered by intensive drying, but that the 
effects are due to some form of superheating, probably induced by 
the removal of nuclei, such as dust, or colloidal particles (it has been 
shown that the presence of colloidal particles hastens evaporation 
of a liquid) by the phosphorus pentoxide. 

Within recent years much doubt has been east on the validity 
of many of the earlier observations on intensive drying and some 
of them have actually been discredited. For examples, eon rented 
with the properties of oxides of nitrogen when dried over phos- 
phorus pentoxide, the student should consult, the paper by Stnddart 
(j.c.s.. 1945. 448) . 

145. Allotropes of Liquids. — It has been claimed that some liquids 
exist in allotropic forms, though these have never been isolated. 
From a study of curves illustrating the connection between tem- 
perature on the one hand, and various physical properties, such as 
dielectric constant, density, specific heat and viscosity, on the other, 
it has been argued that discontinuities which occur in the curves 
indicate the existence of distinct forms of these liquids. The liquids 
under consideration are nitrobenzene, carbon disulphide and ether, 
but further investigation has shown that the claims for nitrobenzene 
are not true. This may possibly be the case with the other 
liquids. 

Recently it has been shown that liquid helium exists in two 
allotropic forms, with a transition point influenced by pressure. 

If liquids do exist in allotropic forms, it would be necessary to 
assume that they possess a structure (§ 119). 

It may be mentioned that liquid sulphur certainly exists in 
allotropes, though, from what has been said on p. 324, it will be 
realised that we are here dealing with a sol, t.e., with two immiscible 
or partially miscible forms of the liquid. 

146 . Crystal Structure and Chemical Constitution. — -Hatty, the 
founder of the science of crystallography, put forward the rule in 
1784 that every definite chemical compound had its own crystalline 
form, but certain apparent exceptions to this statement were soon 
found. In the same year, it was noted that crystals of potash alum 
could contain a good deal of iron, and yet still retain their crystalline 
form. In 1816, Gay-Lussao grew a crystal of potash alum in a 
solution of ammonium alum, so that Hatty’s Law did not appear to 
be correct. It seemed from this experiment that two substances 
had the same crystalline form, and this could not be so if Hatty's 
Law were true. 

In 1819 MitBcherlich put forward his law of isomorphism, which 
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states that substances possessing an equal number of atoms , united in 
a similar way , exhibit identity of crystalline form. 

This statement makes two provisions. There must be an equal 
number of atoms in the molecule, and these atoms must be united 
in a similar way. It is obviously conflicting with Haiiy’s Law, for 
according to him there is no such thing as identity of crystalline 
structure of two chemical compounds. Each compound has its 
own structure, irrespective of whether it is similar in composition 
to anything else or not, if Haiiy’s I^aw is correct. 

Mitscherlich’s Law of Isomorphism proved so useful in various 
ways in the development of chemistry (see p. 24) that its truth was 
not doubted, but more recently experiments have been carried out 
to see whether substances with similar chemical compositions 
actually do have identity of crystallinejstructure, and it has been 
found that the identity is not complete. There are minute differ- 
ences in the crystal angles. No two substances have exactly the 
same ciystalline structure. As an example, the two substances, 
ferrous sulphate, FeS0 4 .7H 2 0, and copper sulphate (Boothite), 
CuS0 4 .7H a 0, may be quoted. These two compounds are definitely 
isomorphous. They satisfy all the criteria of isomorphism as laid 
down in the next section, but, as the table shows, there are slight 
differences in the dimensions of the unit cells and in the angle of 
the cell. 


ft] b 


Copper sulphate, CuS0 4 .7H,0 . . 1*1622:1:1*5000 74° 24' 

Ferrous sulphate, FeS0 i .7H,0 . . 1*1828 :1:1*6427 76° 44' 


It is seen, then, that Haiiy’s Law is actually true, and that Mit- 
scherlich’s Law cannot be enforced too rigidly. There is another 
point, too, where Mitscherlich’s Law has proved to be erroneous. 
,It states that the substances showing isomorphism must contain 
equal numbers of atoms. Now, many substances are known which 
are isomorphous, and yet which have not the same number of atoms. 
An example that comes to mind at once is ammonium alum, 
(NH 4 )2S0 4 .Al a (S0 4 ) # .24H 8 0, and potash alum, K f S0 4 .Al 2 (S0 4 ) s . 
24H 2 0. The ammonium alum contains eight more atoms to the 
molecule than does potash alum, and yet the two are quite definitely 
isomorphous. There are many other cases of this. 

Mitscherlich’s Law, as it was first proposed, can hardly be called a 
law. It is therefore better to amend it, and merely say that 
substances which have similar chemical compositions frequently 
possess very similar crystalline forms. 
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147. Method! of Recognising Isomorphism. — Since complete 
identity of crystalline structure is not strictly a criterion of iso- 
morphism, this method cannot be used to recognise it. There are 
some crystals which hare crystalline constants quite similar to each 
other, yet they are not isomorphous. It is found, however, that if 
substances are isomorphous their crystal elements are closely 
similar, though the converse is not necessarily true. 

The formation of mixed crystals is a good criterion of isomorphism. 
If two substances are isomorphous, it is possible to make crystals 
containing both of them in varying proportions. These crystals are 
called “ mixed ” crystals. As an example of their formation, copper 
sulphate and ferrous sulphate may be taken. If a solution contain- 
ing these two substances is crystallised, it is always found that the 
copper sulphate crystals contain a certain amount of iron. Hence 
the difficulty of purifying copper sulphate by fractional crystallisa- 
tion. The crystals always bring down with them some iron, and 
this can only be removed by treating the solution with strong nitric 
acid, which oxidises the ferrous sulphate to ferric sulphate, in which 
form it is no longer isomorphous with copper sulphate. It is then 
possible to crystallise the copper salt free from iron. 

It is not all isomorphous crystals that are capable o< forming 
mixed crystals. Two crystals may be isomorphous and yet be 
unable to do this. Thus, whilst the actual formation of mixed 
crystals is in general a good proof of isomorphism, the converse — 
that if substances are isomorphous they should form mixed crystals — 
is not true. The formation of mixed crystals appears to be governed 
by the molecular volumes of the substances. If these are close 
there is greater probability of the formation of mixed crystals. 

Another method of deciding whether two substances are iso- 
morphous is to see whether they will form isomorphous overgrowths 
with each other, t.e., if one crystal will grow in a solution of another. 
Here, again, there are some exceptions. When two substances are 
chosen with almost the same molecular volumes, they may form 
overgrowths, and yet not be isomorphous. 

Jt will be seen that none of these criteria, viz., (1) similarity of 
crystalline form, (2) formation of mixed crystals, and (3) formation 
of isomorphous overgrowths, provides a perfectly complete test for 
isomorphism ; but if more than one of these is found to hold good 
for two solids, it may usually be taken that they are isomorphous. 

148. Isopolymorphism.-— Substances existing in more than one 
crystalline form may be isomorphous in each form with another 
compound also existing in more than one form. An example will 
YY>aka this clear. Arsenious oxide occurs in two forms, one octa- 
hedral and the other rhombic Antimonious oxide also exists in 
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two varieties, similar in crystalline form to the arsenious oxide 
crystals. The octahedral forms of the two oxides are isomorphous, 
as are also the rhombic forms. The oxides are said to be isodi- 
morphous. There are several cases of isodimorphism known, and a 
few of isotrimorphism. 

Another phenomenon sometimes referred to as isodimorphism is 
illustrated by the behaviour of the compound iodine bromide IBr, 
which is isomorphous on the one hand with iodine, and on the other 
with bromine. 

149. Applications of the Phenomenon of Isomorphism. — Mitscher- 
lich’s Law of Isomorphism finds its greatest application in the 
determination of atomic weights, where it serves as an aid to the 
fixing of valency. Examples of its application to the determination 
of the atomic weights of vanadium, beryllium, zirconium, silver and 
selenium, have already been given in the section on atomic weights 

(§ ID- 

150. Vapour Pressures of Crystals. — Every solid substance 
possesses a vapour pressure, though in the great majority of cases 
this is very minute. The fact that solids do possess this vapour 
pressure is evidenced by the fact that certain solids evaporate to 
quite a marked extent when left out in the open, whilst many solids 
possess a smell, which they would not have if no vapour were given 
off. Like the vapour pressures of liquids, that of a solid increases 
with temperature. It may reach atmospheric pressure before the 
solid melts, in which case sublimation occurs. In sublimation, the 
solid evaporates without melting, and is deposited on the cold sides 
of the vessel. It is clear that this is an analogue of distillation 
in the liquid state. The temperature at which the vapour pressure 
of a Bolid , becomes equal to the external pressure is called the 
“ sublimation point.” Substances, which sublime on heating can- 
not be melted unless an increased pressure is put upon them. If 
this is done, the vapour pressure has to reach a much higher value 
before the substance can “ boil ” away, and before this happens 
the melting point may be reached. 

When a solid is sublimed, heat is absorbed analogous to latent 
heat of evaporation of a liquid. This is called the heat of volatilisa- 
tion, and, at the sublimation point, it is equal to the sum of the 
latent heat of fusion and of evaporation. 

SUMMARY 

Solids are crystalline, they are made up of an orderly assemblage 
of units. Their chief characteristics are rigidity and anisotropy. 
Some substances are known, however, which form “ liquid crystals.” 
These retain the anisotropic nature of ordinary crystals, but possess 
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little or no rigidity. The process of crystallisation dopcnds on the 
formation and growth of crystal nuclei. Tliese processes have been 
studied, and the effect of temperature upon them investigated. There 
is some doubt as to the existence of an amorphous state. 

The structure of crystals has been investigated mainly by X-ray 
diffraction. The space lattice of the crystal acts as a three-dimensional 
diffraction grating towards X-rays, and, from the nature of the spectra 
obtained, the structure of the crystal can bo elucidated. Lnuo used the 
crystal as a transmission grating ; the Braggs used it as a reflection 
grating. Pebye and Scliorrer devised a powder method whereby it 
becamo unnecessary to use a large, single crystal of the substance. By 
these methods the distances between the planes in which the atoms lie 
can be found, and also the nature of the particles (where they are not 
atoms). Such X-ray analysis has revealed numerous facts about 
crystals, among which may he mentioned : (a) the difference between 
allotropic forms, e.g., diamond and graphite, ( b ) the nature of threads, 
such *as cellulose, (c) the fact that unstretched rubber is amorphous, 
whilst the stretched material is crystalline, (d) the nature of glass, and 
other vitreous substances, (e) confirmation of the tetrahedral carbon , 
model, and the hexagonal benzene ring. 

Electrons are also diffracted by crystals, and a beam of electrons may 
be used in a similar way to X-rays for determining crystal structure. 
This method has given valuable results in connection with the structure 
of films. 

The atomic heats of solids do not all readh the value 6-4, as required 
by the law of Dulong and Potit, at ordinary tomperatures. The law, 
however, is a limiting law. This is due to the fact that heat must bo 
used up in breaking the crystal bonds. The law is true at low tempera- 
tures for soft substances, e.g., load, but not for hard ones, e.g., diamond. 

Many substances exist in a variety of crystalline forms. This 
phenomenon is known as polymorphism, in the ease of compounds, and 
as allotropy, with elements. Polymorphs, and alio tropes, differ in 
energy content. The metastable form contains the greater energy, and 
therefore has a higher vapour pressure and solubility. The tempera- 
ture at which two forms of the same substance have equal stability is 
the transition point. There are three types of allotropy : (a) enantio- 
tropy, or reversible allotropy, the allotropes being mutually inter- 
convertible (e.g., rhombic and monociinic sulphur) ; (6) monotropy, or 
irreversible allotropy ; one form may be converted into the other, but 
the reverse change is not brought about by a reversal of the conditions 
(e.g., white and violet phosphorus) ; (c) dynamic allotropy ; two forms 
exist in equilibrium (e.g„ the equilibria in liquid sulphur). There are 
several methods of determining transition points : (a) the thermometric 
method, making use of the heat evolved or absorbed on transition from 
one form to the other ; (6) the dilatometric method, which makes use of 
the volume change at transition ; (c) the vapour pressure method, 
which determines the temperature at which both forms have the same 
vapour pressure ; ( d ) the solubility method ; at the transition point 
both forms have the same solubility ; (e) optical methods ; ( / ) electrics > 
methods. 

When a substance is dried intensively, its physical and chemical 
properties are found to be altered. According to Smite* theory of 
allotropy, allotropy is due to an alteration in the internal equilibrium 
between various molecular aggregates in the solid. The effect of 
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intensive drying can be explained by supposing that the removal of 
water causes a shifting of this inner equilibrium. 

Mi tocher lich’s Law of Isomorphism states that substances possessing 
an equal number of atoms, united in a similar way, exhibit identity of 
crystalline form. It is not perfectly true. The best criteria of iso- 
morphism are, (a) similarity of crystalline form, (6) formation of mixed 
crystals, (c) formation of isomorphous overgrowths. 

Crystals have definite vapour pressures, and when the vapour 
pressure reaches atmospheric pressure, at a temperature below the 
melting point of the substance, the crystal sublimes. 
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QUESTIONS 

(1) How would you attempt to determine the molecular weight of a 
solid 1 How far can a solid be said to possess a molecular weight ? 

(2) How has the structure of crystals been investigated ? Outline 
some of the important results that have arisen from this work. 

(3) Define the term “ allotropy.” What classes of allotropy can be 
distinguished T 

(4) Discuss the allotropy of nitrogen, sulphur, phosphorus, and 
hydrogen. 

(6) In what ways does water influence the physical properties of 
liquids and solids, and how can this be accounted for ? 

(6) Discuss Smite* theory of allotropy. 

(7) What energy considerations govern the existence of stable and 
metastable states, and how are these reflected in the physical properties 
of substances in the various states ? 

(8) What is meant by the term “ isomorphism ” f To what use can 
a study of this phenomenon be put I 
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CHEMICAL KINETICS AND EQUILIBRIUM 

151. Velocity of Reaction. — Every chemical reaction under speci- 
fied conditions of temperature, concentration, etc., proceeds at a 
definite speed. The majority of inorganic reactions, namely, those 
which take place between ions, proceed very rapidly, and would 
commonly be called instantaneous. Actually, however, they each 
have a definite speed. Most organic reactions, which take place 
between covalent compounds, proceed much more slowly. 

The speed of a reaction may be defined as the weight of the 
reactants transformed, in gram-molecules, per second (see also 
§ 102 ). 

There are a number of factors which alter the speed of a reaction. 
They are temperature, concentration, and catalysis, although there 
may also be others, such as surface tension. 

152. Reversible Reactions. The Nature of Equilibrium. — It has 
been known for some time that many chemical reactions do not go 
to completion as indicated by the equations representing them. 
Thus, when phosphorus pentachloride is heated in a closed vessel, 
the reaction 

pci 6 - pci, + a, 

takes place ; but the pentachloride is not entirely converted into 
trichloride and chlorine. At a certain stage in the process, the 
reaction stops and a mixture of pentachloride, trichloride, and 
chlorine is obtained. If some phosphorus trichloride, together with 
an equivalent quantity of chlorine, is heated in a closed vessel to 
the same temperature as the pentachloride in the first experiment, 
it will be found that some phosphorus pentachloride is formed, and, 
at the same temperature, the final composition of the mixtures in 
both experiments will be the same. It would therefore appear that 
the phosphorus trichloride is reoombining with the chlorine as fast 
as the pentachloride is decomposing. When this occurs there is a 
state of equilibrium. Reactions which can proceed in both directions 
are called “ reversible reactions.” 

Another common example of a reversible reaction is the action 
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of steam on red-hot iron. It is well known that hydrogen is prepared 
by this method, and that the residue is ferroso-ferric oxide, Fe 3 0 4 . 

3Fe -f- 4HjO = Fe 3 0 4 + 4H 2 . 

If this reaction were to be carried out in a closed vessel, as it could, 
for example, if water were heated in an iron vessel which would 
withstand the pressure, it would be found that it does not proceed 
to completion, but that only a certain proportion of the water is 
converted into hydrogen. If the reverse reaction were carried out, 
at the same temperature as before, and under exactly the same 
conditions, it would be found that the composition of the 
equilibrium mixture would be the same. Hence, although the 
reaction comes to a standstill, this is only an apparent standstill. 
Actually the reactions are proceeding all the time, but the forward 
reaction is going on at exactly the same rate as the backward. 
There is thus no actual stoppage of the reaction. In the ordinary 
laboratory preparation of hydrogen by passing steam over red-hot 
iron, the back reaction is not permitted to occur, for the hydrogen 
is swept out of the apparatus by the oncoming steam, and prevented 
from reacting with the ferroso-ferric oxide formed. Similarly with 
many other reactions. It is necessary to take careful consideration 
of the conditions of a reaction before saying whether it will proceed 
in the forward direction, in the backward direction, or both simul- 
taneously. 

It has been said that all chemical reactions are reversible. This 
may be true if these reactions may be carried out under any chosen 
conditions, but the majority of chemical reactions, as they are 
performed in the laboratory, proceed in one direction only. The 
precipitation of barium sulphate by adding hydrogen sulphate to 
barium chloride, although it may appear to be irreversible, is 
certainly a reversible reaction, because if barium sulphate is treated 
with hydrogen chloride a small quantity of barium chloride and 
sulphuric aoid may be produced. In carrying out reactions in the 
laboratory, one is careful to obtain the greatest yield of the substance 
required by so defining the conditions that the back action is 
minimised, Thus, in the preparation of an organic ester, it is well 
known that the action of an acid on an alcohol yields an ester and 
water, but that the ester may also be hydrolysed back to the acid 
and alcohol from which it was made by boiling with water. Here 
then we have a reversible reaction, but care is taken to get as great 
a yield of ester as possible in the reaction by removing the water 
from the ester as soon as it is formed. *This is accomplished by 
adding to the reaction mixture some dehydrating agent, such as 
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zinc chloride, or concentrated sulphuric acid. In this way the 
back reaction is prevented. 

Thus, whilst it is true that all chemical reactions may be made 
reversible by choosing the conditions correctly, so it is also true 
that a reaction may be made to proceed to completion, or very 
nearly so, by preventing the back reaction from taking place. 

153. The Law of Mass Action . — The causes of chemical action 
attracted a number of the more thoughtful chemists in the late 
eighteenth century. The question of chemical affinity was beginning 
to be studied, in an empirical way, at this time, and in 1775, Berg- 
mann published a “ Table of Affinities/* In this he showed that he 
realised that reactions could be reversible, and hence that affinities 
could actually be reversed. He published a list of " affinities of 
elements in lire,” and “ in water.** In 1777, Wenzel suggested that 
the rate of a chemical reaction did not depend only on the affinities 
of the combining substances, but also on their quantity. This 
suggestion, which might have been very fruitful, was, however, 
ignored. In 1799, Berthollct explained the formation of sodium 
carbonate in certain Egyptian lakes by the interaction of calcium 
carbonate and sodium chloride. In the laboratory calcium chloride 
and sodium carbonate give a precipitate of calcium carbonate, and 
the solution contains sodium chloride. These two reactions are 
exactly the reverse of each other, but Berthollet maintained that 
the first could go on if the quantity of the sodium chloride, or of 
the calcium carbonate (in solution), were sufficiently large, and these 
conditions were found in these lakes. He stated that increase in 
mass could overcome weakness of affinity. He was, however, 
wrong in stating that the quantity of substance present could affect 
the ratio in which the substances combine. This was against the 
Law of Constant Proportions, which had just been propounded. 
Berthollet, however, did not believe in the truth of this law, as was 
mentioned in Chapter I. (p. 3). 

Later, investigations were made of the rates of chemical reactions. 
Wilhelmy was the first to do this in 1850. In 1862, Berthelot and 
St. Gilles investigated the equilibrium between ethyl alcohol, acetic 
acid, ethyl acetate, and water, and arrived at conclusions which 
were embodied by Guldberg and Waage in their u Law of Mass 
Action,’* in 1864. 

Guldberg and Waage stated that “ the rate at which a substance 
reacts is proportional to its active mass” The “ velocity of a chemical 
reaction is proportional to the products of the ‘ active masses * of the 
reactants .” 

What is meant by the “ active mass ** of the substance ? The 
“ active ** was assumed by Guldberg and Waage to be pit* 
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portions! to toe molecular concentration in the case of gaseous and 
dissolved substances. The molecular concentration is the concern 
tration expressed in gram-molecules per litre, and, since a gram- 
molecule of every substance contains the same number of molecules, 
concentrations expressed in this way indicate the number of molecules 
present. 

Take the reaction, 

A *f B^C *4“ D. 

(The symbol ^ indicates that the reaction is reversible.) 

The velocity of the forward reaction is proportional to the molecular 
concentration of A and to that of B, and hence is proportional 
to their product. Molecular concentrations are represented by 
symbols in square brackets ; thus [A] represents the molecular 
concentration of A. The velocity of the forward reaction is thus 

P/-MA] [B]. 

Similarly, the rate of the backward reaction is given by 

F> = MC][D]. 

At equilibrium these two rates are the same, since as much of the 
products are formed as are decomposed in the same time ; hence 

F = F * 

1-2 [C] [D]-M A] [B], 

_ [C] [D] _ R 
*."[ A][B]- A * 

K is called the equilibrium constant of the reaction, and and Jc 2 are 
called velocity constants . 

154. Derivation of the Law of Mass Action on the Basis of the 
Kinetio Theory. — According to the kinetio theory, substances are 
made up of molecules in motion, and chemical combination does not 
occur unless two molecules collide. Combination does not take 
place at every collision. Many of them are quite ineffective. Not 
one collision in a million results in combination, in reactions which 
take place at a measurable speed. However, the number of effective 
collisions is a definite fraction of the total (p. 369). 

It is clear that the number of collisions, and the number of effective 
collisions, will be increased, the greater the number of molecules 
present, t.e., the greater the concentration. Thus, the rate of the 
reaction will be proportional to the molecular concentration of the 
reactant. Where reaction is taking place between two dissimilar 
molecular species, collision must occur between two molecules of 
the different types, and the probability of this will depend on the 
concentration of both. This probability will be given by the product 
of the two concentrations. Hence, the velocity of the reaction is 
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proportional to the produot of the molecular concentrations of the 
two species, which is the Law of Mass Action. 

The law may also be proved by thermodynamics. 

155. Some Examples of the Application of the Law of Mass 
Action, — Consider first the rate of formation of ethyl acetate from 
ethyl alcohol and water. The equation is 

CH s COOH + CfifiU CH 8 COOC 2 H 5 + H* 0 . 

Hence, the rate of formation of ethyl acetate and water is given by 
V f = k x [CHj.COOH] [C,H s OH]. 

The reverse reaction will also go on, unless steps are taken to 
remove the water, or the ester, os it is formed. The rate of the 
reverse reaction is given by 

V b = k 2 [CH 3 .COOC 8 H 6 ] [H 2 OJ. 

At equilibrium the rates are equal ; hence 

V h - V f , 

k x [CH3.COOH] [C 2 H 6 OH] = k % [CH 3 COOC 2 H 6 ] [HjO], 

. 1 ? [ot.cooc.hj rH f 0] 

• a k 2 [CH3.C00H] [Cfijbwy 

The equilibrium constant is K. 

It is usual to write in the numerator the active masses of the 
products, and in the denominator those of the reactants. The value 
of K for the above reaction is 4 at 25° C. 

In all determinations of equilibrium constants care must be 
taken to see that the equilibrium does not alter during, or as a 
result of, the analysis of the equilibrium mixture. In many cases of 
reaction at fairly high temperatures the reactions will proceed very 
slowly at room temperature, so that sudden cooling of the reaction 
mixture will stop the reaction, and the proportions of the substances 
present will be those obtaining at the higher temperature. This is 
tailed “ freezing the equilibrium/' It may be mentioned in passing 
that this process is one of great importance. The only reason why 
endothermic substances like ozone are stable at room temperatures 
is because they are in such a state that the equilibrium has been , 
* frozen. Ozone is formed at very high temperatures. The passage 
of the silent discharge through oxygen is merely the addition of a 
large amount of energy to the oxygen, in another way than by 
direct heating. If oxygen, then, is heated to extremely high 
temperatures, some ozone will be formed. If the reaction mixture 
were to be cooled to room temperatures suddenly, the equilibrium 
would be frozen, and the amount of ozone present would be the 
same as if the gas were kept at the high temperature. Of course, 



844 CHEMICAL KINETICS AND EQUILIBRIUM 

it is useless to bring about the cooling slowly, for this will allow 
time for the reactants to alter their equilibrium. 

The combination of hydrogen and iodine to form hydrogen iodide 
has been studied by Bodenstein. All that is necessary is to heat 
the hydrogen and iodine together, in various proportions, in sealed 
tubes, to a temperature about 450° C. After a time, sufficiently long 
for equilibrium to be attained, the tubes are suddenly cooled, and 
the amount of hydrogen left determined by absorbing the iodine 
and hydrogen iodide in potassium hydroxide. The amount of 
hydrogen iodide and of iodine are determined in the liquid obtained 
by absorption by the usual methods of volumetric analysis. 

In an actual experiment, it was found that when 20*55 gm.-mols. 
of hydrogen were heated to 445° C. with 31*89 gm.-mols. of iodine, 
the equilibrium mixture contained 2 06 gm.-mols. of hydrogen, and 
13*40 gm.-mols. of iodine, and 36*98 gm.-mols. of hydrogen iodide. 
The reaction is 

Hj + la 2HI, 

and the mass action equation is, 

_ [HI] [HI] [HI]’ . 

[H 2 J[IJ i -[H t ][IJ 

Substituting the values 

K (36*98)*__ 

K ~ 2*06 X 13-40 - 49 ' 5 ’ 

Hence the equilibrium constant is 49*5. 

Of course, if different initial concentrations are taken, different 
values for the quantities of substances formed will be obtained, but 
the equilibrium constant will still be the same at the same tempera- 
ture. This oan be tested by repeating the experiment with different 
quantities. The following are some of the results obtained. 


Table LX. — The Hydrogen Iodide Equilibrium 
(Bodenstein) 


Initial Concentration*, 
gm.-mols. 

Final Concentration!. 
gm.-mols. 


B, 

la 

H, 

I. 

HI 


20*57 

6-22 

15*46 

0*11 

10*22 

i 

61 44 

20*6 

14*45 

7*79 

1*64 

25-72 

51*77 

20-55 

31-89 


13-40 

36*98 

49-55 

20-41 

52*8 

1*07 

33-46 

38-68 

41-8 

20*28 

67*24 

0*52 

47-48 

39*52 

63*3 
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The values of K have been calculated from 


K = 


[HI]* 

[H*ni7r 


Although K appears to vary considerably, the unavoidable experi- 
mental error is great. Any error in the concentration of hydrogen 
iodide is squared, so that the above figures indicate that the reaction 
follows the law. 


If only the initial concentrations of hydrogen and iodine and the 
concentration of hydrogen iodide formed are known, the equilibrium 
constant can still be calculated. The procedure, which is quite 
general, is as follows. Consider the reaction 


II 2 + I, ^ 2HI. 


Let 2x gm.-mols. of hydrogen iodide be produced, and let a bo the 
initial concentration of hydrogen in gm.-mols. per litre, and 6 the 
initial concentration of iodine in gm.-mols. per litre (at the tempera- 
ture of the experiment the iodine will be in the vapour state). The 
volume of hydrogen iodide formed is not different from the total 
volume of the gases from which it woe formed. Since 2x gm.-mols. 
of hydrogen* iodide are produced for x gm.^mols. of hydrogen and 
x gm.-mols. of iodine used up, the final concentration of hydrogen 
will be (a — x) and of iodine (6 — x) gm.-mols. 

Substituting these values in the mass equation, we have 


K = 


4tx * 

{a - x) (b — x)' 


If we know x, a and 6, we can then calculate K . Thus taking as a 
numerical example the first set of data given in the table above : — 

Initial concentration of hydrogen = 20*57 =■- a. 

Initial concentration of iodine = 5*22 = 6. 

Concentration of hydrogen iodide at equilibrium = 10*22 » 2x. 

;.a-x= 20*57 - 5*11 = 15*46 
6- x = 5*22 -5*11 =011* 


4x* 


( 10 * 22 )* 


(a - x) (b - x) 15*46 X 0*11 


= 61*44 


In examples involving gaseous equilibria, the concentrations of 
t he reactants are frequently expressed as their partial pressures. It 
is clear that these are equivalent to the concentrations. 

156. The Effect of Pressure on Chemical Equilibrium. — It is 
molecular concentration that enters into the mass equation. If 
pressure is applied to a system, the volume beoomes smaller, and 
the molecular concentrations of the constituents are increased. If 
there is no volume change in the reaction, it is dear that the equili- 
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brium will not be altered in any way, for the concentrations of 
produots and reactants will be affected in the same proportion ; 
but, if there is a volume change in the course of the reaction, that 
reaction will be favoured which takes place with decrease in volume. 
This also follows from the principle of Le Chatelier, which states 
that if any constraint is applied to a system in equilibrium the 
equilibrium is shifted in suoh a way as to annul, or tend to annul, 
the oonstraint. In this esse the constraint is the application of 
pressure. The reaction which results in decrease in volume will 
therefore take place, for by itself decreasing the volume the system 
tends to annul the effect of the pressure. 

Consider the dissociation of phosphorus pentachloride. It takes 
plaoe according to the equation 


PCI 6 ^ PC1 3 + a s . 

Suppose there are initially a gram -molecules of phosphorus penta- 
chloride in, a volume F litres. The reaction is supposed to be carried 
out in olosed vessels, so that F remains constant. If there are x 
gram-molecules of phosphorus trichloride formed, it follows from 
the equation that there will also be x gram -molecules of chlorine 
formed. The molecular concentration of the pentachloride at 
equilibrium will therefore be (a — x)/F, whilst that of the trichloride 
and of chlorine will be (x/F). Hence, applying the mass law, 





a — x (a — x) V* 
V 


It will be noticed that F occurs in the denominator. Hence the 

x* 

greater 7 is, the greater will be, for the constant K must be 

a — x 

maintained. This means that the amount of dissociation, x, must 
be greater. tlence the diminution of pressure (t.e., increase in 
volume, F, since it is only by increasing the volume that the pressure 
can be reduced without removing some of the reactants from the 
system) in this system results in an increase in the dissociation, 
and conversely. 

Where F disappears in the mass equation, pressure, a t course, 
has no effect on the equilibrium. Thus, in the dissociation of 
hydrogen iodide, there is no change in volume, and so V does not 
figure in the mass equation, and pressure alterations have no effect 
on the equilibrium. 

This effect of pressure on the position of equilibrium is of groat 
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importance in technical processes. In the Haber synthesis oi 
ammonia, the reaction is, 


N g + 3H a « 2NH*. 

Four volumes of the mixed nitrogen and hydrogen give only two 
volumes of ammonia. Hence the formation of ammonia will be 
favoured by the application of pressure, and in practice, in the Haber 
process, a pressure of 200 atmospheres is used, whilst in the Claude 
process a pressure of 1,000 atmospheres is employed. 

In some cases it is found uneconomical to work at hign pressures, 
although better yields would result. Thus in the Contact process 
for the manufacture of sulphuric acid by making sulphur dioxide 
combine with oxygen, the reaction is 

2SO s + 0 2 = 2SO* 

and involves a decrease in volume. Hence it would be favoured by 
the application of pressure. This is not done, however, in practice, 
owing to the difficulty of making acid-proof apparatus suitable for 
working at high pressures, and also because a sufficiently good yield 
may be obtained without reoourse to the application of pressure. 

A quantitative example of the effect of pressure on the equilibrium 
may be found in the Haber synthesis of ammonia. The effect of 
pressure on the yield of ammonia will be calculated. The reaction is 
N 2 + 3H a ^ 2NH a . 

At a given temperature, kt the partial pressures of nitrogen, hydro- 
gen and ammonia in the equilibrium mixture be and p A7fl . 

Then, by the Law of Mass Action, 


Pk 


*."» K /. p* = K • p • p % 


Pu.P H. 


(1) 


Now double the pressure on the system. If it is assumed that the 
partial pressure of the ammonia is small compared with that of 
nitrogen and hydrogen and the small amount of extra ammonia 
formed does not affect the partial pressures of the other gases — a 
condition which always holds in technical practice— then the 
partial pressures of hydrogen and nitrogen will be doubled. 

Let the new equilibrium pressures be // Nl , p' H , and p' WHa . Then 


P NH> P NH t 

P N* P Ht 

F NB. = 16 Px . • 7>h. * K = equation (1) above). * 

• • P NHa “ 

Thus, the partial pressure of ammonia is four times what it was 
originally, although the pressure on the system has only been 
doubled. The amount of ammonk formed per unit volume of 
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nitrogen is — — in the first case, and in the second NH * . It will 
Pn, P n* 

be seen that the yield is double, since p' NHl = 4p NlTi and p' &% = 2 p N> . 

157. Effect on the Equilibrium of Adding one of the Products of 
the Reaction. — To study this question, the dissociation of phosphorus 
pcntachloride may again be considered. It is desired to find what 
effect there will be on the dissociation if chlorine is added from 
some outside source to the equilibrium mixture. Writing the 
equation 

PCI 6 ^PC1 3 + C1 2 , 

suppose we have at equilibrium a gm.-mols. of the pentachloride in 

V litres, b gm.-mols. of trichloride, and b gm.-mols. of chlorine in 

V litres, It follows from the equation that the amounts of chlorine 
and of trichloride must be equal. The mass law gives 


Suppose now that c gm.-mols. of chlorine are introduced into the 
system without change of volume . The concentration of chlorine is 
now (6 + c). Let V and a ' be the new concentrations of the 
trichloride, and pentachloride, respectively. Then, 

^ _ V(b + c) 

In order to maintain K constant, b must be decreased (to 6'), and 
hence the dissociation will be retarded, some pentachloride being 
re-formed. 

If, however, the chlorine is added with change of volume, it all 
depends on the volume change what the change in the system will 
be. If the volume after addition of chlorine is V', then the mass 
law states, 

ir __ b'{b + c) 

K ~ a'V' ' 

where a' and b' are the new concentrations of pentachloride and of 
trichloride. It would be possible to work out the effect in any 
example in which the concentrations were given. 

The effect of the addition of products of reaction on the position 
of equilibrium is well illustrated by the following experiment due 
to Gladstone. Consider the reaction 

3KCNS + FeCl s ^ Fe(CNS), + 3KC1. 

The ferric thiocyanate is deeply coloured. Addition of potassium 
chloride in saturated solution (to avoid great changes in volume of 
the solution) makes the reaction mixture become appreciably paler. 
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This is due to the fact that the reverse reaction is favoured, since 
the value of [Fe(GNS)d in the numerator of the mass action equation 

tt __ [Fe(CNS) 3 ] [KC1] 3 
[FeClJ [KCNS] 8 

must become smaller to make K still constant. On the other hand, 
addition of ferric chloride causes a deepening of the colour, since the 
value of the denominator is increased, and consequently the value 
of the numerator must also be increased to maintain K constant. 
Similarly, addition of potassium thiocyanate also causes an increase 
in the depth of colour. 

158 . The Effect of Temperature on the Equilibrium. — Aoeording 
to Le Chatelicr’s principle (p. 346), in the case of a reversible reaction, 
increase in temperature will favour that reaction which takes place 
with absorption of heat. Decrease in temperature will favour the 
reaction which takes place with evolution of heat (see also p. 613). 

It can be shown by thermodynamics (§ 321) that if K x and K 2 are 
the equilibrium constants of a reaction at absolute temperatures 
T t and T 2i and if Q v is the heat of reaction expressed in gram- 
calories absorbed at constant volume, 

lo «io** ~ lo gio^i ** — 4^fc (r, — T\)‘ 

This equation may be made use of for determining the heat of 
reaction. 

An example of the use of this equation is given on p. 351. 

159 . Some Numerical Examples. — In order that the reader may 
more fully comprehend the work that has just been described, he 
is recommended to try to work out the following numerical examples 
for himself. The solutions to the problems are also given below so 
that the work may be checked. 

(1) The equilibrium constant in the reaction between ethyl 
alcohol and acetic acid to form ethyl acetate and water is 4 at 25° C. 
What weight of ethyl acetate will be obtained from 60 gms. of 
alcohol and 50 gms. of acetic acid, the reaction being carried out at 
25° C. in a closed vessel ? 

The equation is 

CH a COOH + C 2 H 6 OH ^ CH 8 COOC 8 H 6 f H t O. 
According to the Law of Mass Action, 

[CHgCOOCgHg ] [HgO] ^ /n 

[CjHgOH] [CHjCOOH] 19 

where the substances in square brackets stand for molecular concen- 
trations. 

It is supposed that the total volume of the system, P, does not 
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change during the reaction. Let x be the number of gram-molecules 
of ethyl acetate formed ; then x will also be the number of gram- 
molecules of water formed. 

The molecular weight of acetic acid is 60-05. Hence the molecular 

50 


concentration of acetic acid was originally 


If x gram- 


6005 V 

molecules of products are formed, then x gram-molecules of reactants 
must have been used up, so the final molecular concentration of 

acetic acid was 

\60-05 J 

The molecular weight of ethyl alcohol is 46-047. Hence, final 
molecular concentration of alcohol is — x^/ V. Substituting 

these values in equation (1), 

(;T 


( 50 Y 60 \ 

V46-047 / \60-05 *) 


= K 4. 


V 2 


or 


* • (1-086 - x) (0-8326 - x) 
x s ~ 4 (0-9038 - l-9186x + x a ), 
3x 2 - 7-6744x + 3-6162 = 0. 
The roots of this equation are 

x = 1-9747 or 0-6834. 


= 4, 


The first of these is inadmissible, as the quantities of acetic acid 
and alcohol taken are insufficient to produce this amount of ethyl 
acetate, even if the reaction went to completion. Hence 0-6834 gm.- 
molecules of ethyl acetate will be produced, t.e., 0-6834 X 88-0624 * 
51-39 gms. 

(2) Calculate the percentage dissociation of phosphorus penta- 
chloride in an experiment in whioh 2-0 gms. of the substance were 
heated to 200° C. in a closed litre vessel, which contained only 
phosphorus pentachloride, and the products of the dissociation. 
The equilibrium constant for the reaction 

PQ, PCI, + a, 

is 0-60793 at 200° C., and under the pressure developed in the 
experiment. 

Suppose that initially the quantity of the pentachloride present 
was a gram-molecules. This dissociates, so that x gram-molecules 
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of both the trichloride and chlorine are formed, leaving (a — x) 
gram-molecules of the pentachloride undissociated. As the reaction 
is carried out in a closed vessel, the volume, r, cannot change. ' By 
the Law of Mass Action, 

x 2 

2 

Now, in the experiment, a = 203.255 g ram ’ molecules per litre, e= 1 , 
and K = 0 00793. 


or 


• ' (0 009603 - *) " °' 00793, 
** = 0-00007616 - 0 00793a:, 
x * + 0 00793* - 0 00007616 = 0. 


The roots of this equation are x = — 0-01305 or 4 - 0-0056. 

The negative value is clearly inadmissible. 

__ x 0*0056 

The percentage dissociation =* - x 100 = X 100 = 

58-32 per cent. 

(3) The equilibrium constant of the reaction 

2SO s + O a ^ 2SO, 

at 528° C. is 980, and at 680° C. is 10-5. Find the heat of reaction. 
The equation (§ 158) is 

logjo — togi#* , = - (jT - jr). 

where K 2 and K t are the equilibrium constants at absolute tem- 
peratures T t and T v and Q 9 is the heat of reaction at constant 
volume. 


K t = 980 ; K x = 10-5 ; 

, 980 

° g 10-6 


T t = 801° Abs. ; T, = 963° Ab«. 
_ -Q,( 152 \ 

4-576 \801 X 953/' 


Q.~ 


953 X 4-576 x 801 X 1-97 
152 


= 45,280 gm.-cals. 

The amount of heat given out is therefore 45,280 gm.-cals. 


160. Application ol the Law ol Mass Action to Heterogeneous 
Systems. — Up to the present only those reactions whioh take place 
in one phase (*.c., homogeneous reactions) have been considered. 
Many reactions, however, take place between reactants in different 
phases. These are called “ heterogeneous reactions.” Numerous 
reversible heterogeneous reactions are known. Indeed, one of 
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those quoted at the beginning of this chapter as an example of a 
reversible reaction, viz., the action of steam on red-hot iron, is a 
heterogeneous reaction. The hydrogen and the steam are gases, 
whilst the other reactants are solids. Can the Law of Mass Action 
be applied to a reaction such as this ? 

The easiest way to consider a reaction of this kind is to assume 
that it does go on in one phase only. Take the action of heat on 
calcium carbonate. This is a well-known reversible reaction. If 
calcium carbonate is heated in a closed vessel, a state of equilibrium 
is reached after a time, when no more calcium carbonate will 
decompose. This equilibrium is prevented in a lime-kiln, because 
it is open and the carbon dioxide can escape as it is formed. 

CaC0 3 ^CaO + C0 2 . 

The reaction may be regarded as taking place between calcium 
carbonate and calcium oxide vapours, and carbon dioxide gas. 
The concentrations of the reacting substances will be expressed by 
their partial pressures. If these arc pcaco,* Pc&o> Pco t > the Law 
of Mass Action states 

7V. P- Pco i __ 

iVaCOi 

The partial pressure of calcium oxide is its vapour* pressure. The 
vapour pressure of a solid is very small, but, at a given temperature, 
is constant so long as there is any solid present, so that both pc*o and 
7*caCo» a re constant, and the law gives us 

Poo. = K\ 

The system is therefore at equilibrium at a given temperature when 
a fixed pressure of carbon dioxide is present, a result which is also 
obtained from Phase Rule considerations (p. 391). 

It may be taken as a general rule, when dealing with heterogeneous 
equilibria, that the active mass of a solid is constant. 

The same considerations govern the dissociation of salt hydrates. 
Consider the reaction 

CuS0 4 . 5H a O ^ CuS0 4 . 3H*0 + 2H a O. 

If p v p %i p Z9 are the partial pressures of the pentahydrate, the 
trihydrate, and water vapour respectively in the system, then 

pj-p * = K 

Pi 

But the active masses of the solids are constant at a given tempera- 
ture, so long as they both remain in the system. 

Hence Pi — K 

and Pi — 5 ** i'- * 
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This result has also been obtained from Phase Rule considerations 
(p. 394). As soon as one of the hydrates has disappeared, the 
conditions are altered, for a new equilibrium is set up, and thei^the 
partial pressure of the water vapour will be different from before, 
but will remain constant until the phases again change. 

The dissociation of ammonium hydrosulphide, NH 4 HS, is a 
slightly different case. This solid substance dissociates on heating 
into ammonia and hydrogen sulphide, two gases. 

NH 4 HS ^ NH 3 + HoS. 

If the partial pressures of the gases are p NHi and pn# respectively, 
then the Law of Mass Action states 

Pnhs/Phir 

But Pnh*hs Is the vapour pressure of the solid, and is constant as 
long as any solid is present. Hence 

• Pins = & . 

This equation can be tested by adding one or other of the gases to 
the system and noting the effect on the equilibrium pressures. JL he 
following table gives results of such an experiment : — 


Table LXI 


P NH a 

PumH 

Punt x Ph*h 

min. 

mm. 

mm. 1 

260-5 

250-5 

62,750 

208-0 

294-0 

61,150 

453-0 

143-0 

64,780 


The volume was kept constant. The product is reasonably constant. 

161. Theory of Activities. — In the Law of Maes Action the 
quantities used are the active masses, which have been stated to be 
proportional to the molecular concentrations of the reactants. 
Owing to inter-molecular influences, the freedom of the molecules is 
always somewhat restricted in actual systems, and the active masses 
are not proportional to the molecular concentrations, It has there- 
fore been proposed to substitute for the molecular concentration 
the “ activity ” of the substance. The activity is a thermodynamic 
function introduced by G. N. Lewis, and was at first purely formal. 
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As a result of work on electrolytes (§ 274) it is, however, now assum- 
ing more precise significance. 

The activity coefficient / is defined as the factor by which the 
molecular concentration must be multiplied in order that the Law 
of Mass Action may be obeyed. The activity coefficient is always 
less than unity. There are several methods of determining activi- 
ties, but further discussion of the question is beyond the scope of 
this book. The concept has found its greatest application in 
connection with ionic equilibria (§ 274). 

162. The Order of a Reaction. — The next few sections will be 
concerned mainly with reaction velocity, and not with reversible 
reactions. The velocity of reaction is defined as the rate of change of 
concentration of the reactants . The order of a reaction is defined as 
the minimum number of molecules necessary for the reaction to take 
place. Thus in the reaction 

IA + wB + nC -> aX + bY + cZ, 
the velocity is given by 

t> = [A]' [BJ™ [C]\ 

and the order is the sum of the indices, l + m + n. The order of a 
reaction only has significance when it is applied to a reaction pro- 
ceeding in one direction. It is quite possible for a reversible 
reaction to have two orders, one for the forward, the other for the 
backward reaction. 

163. Unimolecular Reactions. — Unimolecular reactions are those 
in which the reaction velocity is proportional to the first power of 
the concentration of the reacting substance. They are not so 
common as they were at first thought to be. Many so-called 
“ unimolecular ” reactions were found not to be homogeneous 
reactions at all, but to take place at the walls of the vessel, or at 
the surface of some catalyst (see p. 357). 

A unimolecular reaction may be represented by the equation 
A — > B + C + • • • 

If there are present originally a gram-molecules per litre of A, and, 
after a time t, x gram-molecules are transformed, then the concen- 
tration after time t is (a — x). Hence, by the Law of Mass Action. 
dx 

* =.*■ = *(« - *). 



which on integration gives, 

— log, (a — ») «■ U + a. 

when 0 it % constant. 
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To determine C, it is noted that when l®0,i = 0. Substituting 
these values in the equation, we have 

— log, o = C, 


k is, of course, the velocity conabuU. 

This equation governs all unimolecular reactions. It will be seen 
that the time taken to complete any definite fraction of the reaction 
is independent of the concentration. Thus, the time taken for the 
reaction to reach the half-way stage is found by putting x = 0*5o. 
When this is done, 

k = *.log,2, 

which does not involve the concentration. 

The number of unimolecular gaseous reactions is very small, and 
at one time the view was put forward that they did not exist at all. 
However, a few have now been discovered. They are nearly all 
confined to molecules of rather complex structure. Until 1925 the 
only unimolecular reaction known was the thermal decomposition 
of nitrogen pentoxide. This decomposition is usually expressed in 
inorganic text-books by the equation 

2N a 0, = 2N 2 0 4 + O f , 

but, if it is unimolecular, this cannot be the primary change, sinoe 
this equation involves the participation of tw6 molecules of the 
substance. The mechanism of the reaction must therefore be 
somewhat as follows : — 

NjOj = N2O3 + 0|. 

The nitrogen trioxide then decomposes immediately into nitric 
oxide and nitrogen dioxide : — 

N a 0 3 = NO + NO*. 

The nitric oxide now immediately reacts with the pentoxide 
NO + N 2 0 5 = 3NO a . 

The above explanation is that suggested by Hinshelwood. There 
seems to be no reason, however, why the reaction should not take 
place as follows : — 

N 2 0 5 = N a 0 4 + 0, 

O -)- 0= 0 2 . 

•The first of these reactions would be comparatively slow, and the 
second very rapid. It is the slow reaction that decides the speed 
of the complete change. 

This reaction was first studied from the kinetic point of view by 
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Daniels and Johnston, by measuring the pressure after various time 
intervals. In order to be certain that the reaction was not catalysed 
by the walls of the vessel (in which case it would be heterogeneous), 
glass wool was introduced into the reaction vessel, but no variation 
in the velocity constant was found. Such a variation would 
obviously be expected if catalysis occurred. Reactions catalysed 
by the walls of the vessel are frequently called “ wall-reactions.” 

The thermal decomposition of phosphine, PH a , was considered 
for some time to be a homogeneous unimolecular reaction, but was 
shown by Hinshelwood and Topley to be a wall-reaction. By 
varying the amount of surface, the reaction was shown to be hetero- 
geneous up to a temperature of 1,044° Abs. at least. 

The thermolysis (thermal decomposition) of certain organic 
molecules seems to provide a number of unimolecular reactions. 
Thus the thermal decomposition of acetone at about 600° has been 
investigated by Hinshelwood and Hutchison (1926), who found it 
to be a homogeneous unimolecular reaction. The acetone breaks 
down primarily into carbon monoxide and two methyl groups, which 
then interact to give various hydrocarbons. The time of half- 
change was found to be independent of pressure over a wide pressure 
range. The reaction was investigated manometrically. 

The thermal decomposition of propionaldehyde provides a similar 
unimolecular reaction. It gives carbon monoxide and a mixture of 
hydrocarbons consisting mainly of ethane and methane. At higher 
pressures, the time required for the ' completion of any definite 
fraction of the reaction is independent of the initial pressure, i.c., of 
initial concentration. At lower pressures the velocity constant 
falls (see p. 373). 

The thermal decomposition of dimethyl ether takes place accord- 
ing to the equation 

CH, . 0 . CH 3 = [CH 4 + HCHO] = CH 4 + CO + H,. 

Here there is intermediate formation of formaldehyde, but this can 
be allowed for in the manometric determination of the rate of 
reaction. The reaction is unimolecular. A similar reaction is the 
action of heat on diethyl ether 

CjgHg . O . C a H 6 = CO + 2CH 4 + 0-6 C^, 

which has also been shown to be unimolecular. Here, again, the 
constant falls at low pressures. 

The raoemisation of pinepe in the gaseous state is a reaction 
which has been studied polarimetrically by Smith, and is found to 
obey the unimoleoular law. The breakdown of azomethane, 
according to the equation 

CH # . N : N . CH, - CtH f + N* 
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has also been studied, and found to be homogeneous and uni- 
molecular. A similar unimolecular change is found in the decom- 
position of azoisopropane, which takes place as follows 
C s H 7 . N : N . C 3 H 7 = N t + C 6 H 14 . 

The reaction 

C,H 7 . N :N . C 8 H 7 == N t + C 8 H 6 + CgH. 
also takes place to a small extent. 

An inorganic reaction which has been studied in thfr connection 
is the decomposition of sulpkuryl chloride 

S0 2 C1 2 = SO, + CI t . 

This reaction is peculiar in being homogeneous in vessels made of 
Pyrex glass, yet heterogeneous in vessels of ordinary soda-glass. 
There seem to be two simultaneous reactions, one homogeneous and 
the other heterogeneous, going on under those conditions. 

164. Pseudo-unimolecular Reactions. — All the unimolecular re- 
actions already referred to take place in the gaseous phase, and it 
has been pointed out how comparatively rare a truly homogeneous 
reaction of this kind is. A few examples of homogeneous uni- 
molecular reactions taking place in the liquid phase are known, but 
here again, they are uncommon. 

Many reactions appear to give a unimolecular constant, they 
obey the equation derived above for this type of reaction, yet they 
are not truly unimolecular. Consider what happens in a reaction 
such as the hydrolysis of ethyl acetate 

CH 8 COOC 2 H 6 + H 2 0 ^ OH 8 COOH + C t H 6 OH. 

If a large excess of water is used in this reaotion, the amount of it 
used up in the hydrolysis is small compared with its total mass, and 
consequently its active mass does not suffer greatly by the change, 
and can be regarded as constant. Applying the mass law, 
v = i[CH 3 . COOC,H 5 ] [H 2 0]. 

If [H 2 0] is constant, 

v — J^[GH 9 . COOC|H # ]. 

Thus, the equation is of the form of that for a unimolecular reaction, 
the only difference being in the value of the velocity constant k. 

This is a general rule, and must be carefully borne in mind. 
Many reactions of the second order may be made to appear uni- 
molecular by taking one of the reactants in great excess. 

Another example of a reaction of this kind is the rate of inversion 
of cane-sugar. This is brought about by dilute solutions of acids 
(or alkalis), and also by enzymes, but takes place according to the 
equation, 

C lt H 22 O u + H 2 0 = C 3 H 12 O e + C 3 H 12 O r 

out sugar llueoae fnwtoae 
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It is clear that this change should be bimolecular, and not uni* 
molecular, but in dilute solution the active mass of the water does 
not alter appreciably, and so the unimolecular law is obeyed. This 
reaction is a particularly suitable one to study, because it can be 
followed so easily. The reason why the reaction is called “ inver- 
sion ” is because the cane-sugar itself is optically active (p. 260), 
rotating the plane of polarisation of light to the right (dextro- 
rotatory), whilst the resulting mixture of glucose and fructose is 
tevo-rotatory. The reaction can therefore be followed by means of 
the polarimeter, an instrument for measuring th,e amount of rotation 
of the plane of polarisation of light (p. 262). The rotation is 
measured at various intervals. The experimental details for 
carrying out this experiment are given at the end of the chapter. 
If the initial rotation is r a , and the rotation after a long while, r w , 
and r x the rotation after time t, then the amount of sugar remaining 
unchanged at time t is proportional to r x — r m . 


Hence 



2-303 

t 



T 

«o 


This reaction has been tested by various investigators, and the 
figures obtained by Lewis are given below : — 


Table LXIL— Inversion of Cane-sugar in 0-9 N-HC1 at 25° C. 


Time, 

mine. 

notation, 

N V 

0-0 

+ 24-00° (*<,) 

7-18 

21-405 

18-00 

17-735 

27-05 

15-00 

36-80 

12-40 

46-00 

10-02 

56-07 

7-80 

68*02 

5 455 

101-70 

0-30 

00 

- 10-74 


Change of 
Itotation, r x — foo. 

V eloclty Coefficient, 

+ 34-83° 


32-145 

0-01118 

28-475 

0-01117 

25-74 

0-01118 

23-14 

0-01123 

20-76 

0-01125 

18-54 

0-01125 

16-155 

0-01129 

11-04 

0-01129 


It is seen that the velocity constant calculated on the basis of the 
above formula is reasonably constant, and so it is inferred that the 
reaction obeys the unimolecular law. 

' A reaction of the same type as the above is the mutarotation of 
glucose. When a solution of glucose is freshly prepared it is found 
to have a specific rotation of about 105° for the sodium D line. 
After standing, however, the rotation falls to about half this value, 
viz., 62*5°, It is quite by chanoe that it happens to be about one* 
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half for glucose, other sugars giving quite a different ratio. This 
phenomenon is called mutarotation, and is due to a reversible 
isomeric change of a- into /{-glucose. This proceeds as a uni- 
molecular reaction. It is included as a pseudo-unimolecul&r reaction, 
as it appears to be catalysed by hydrogen and hydroxyl ions (p. 596), 
which may take some part in the reaction. 

Another reaction which gives a first order constant, and is easily 
studied, is the isomeric change of N-chloroacetanilide into p-ohloro- 
acetanilide. 

NCI . COCH s NH . COCH, 



This change takes place in the presence of hydrochloric acid which 
acts as a catalyst. Actually the hydrochloric acid undergoes ohange 
during the reaction and is re-formed, as the following equations 
show. 

C 6 H 6 .NC1.C0CH 3 -I- HC1 ^ C 6 H,.NH.COCH 3 + CL ; 

C fl H 6 . NH . COCH 3 + Cl 2 ^ ClC fl H 4 ,NH.COCH 3 + HGL 

Thus, the change will correspond with the unimolecular formula. 
The reaction is very easily followed, since the N-chloroacetanilide 
will liberate iodine from potassium iodide. Thus, by determining 
the amount of standard thiosulphate required by the solution, after 
adding excess of potassium iodide, the amount of unchanged 
substance can be determined. This is done at various intervals of 
time. Pull details for carrying out this experiment are given at the 
end of the chapter. Below are given some results which show that 
the unimolecular law is obeyed by this reaction. • 


Table LXIII. — Rate of Transformation of 

N - CHLORO AOET AN ILID E (BLANKSM^) 


Hum. 

tote*. 

Titration, 

«— *. 


0 

49-3 

_ 

00 

35-6 

0-00643 

120 

25-75 

0 00542 

180 

18-5 

0-00546 

240 

13-8 

0-00531 

m 

7-3 

0-00531 

480 

4-8 

0-00542 
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The catalytic decomposition of hydrogen peroxide is a reaction 
of the first order as regards results, though not so in theory. The 
catalyst may be platinum black, or haemase. This reaction is very 
easily studied. The volume of oxygen evolved at different times 
after the reaction has started may be determined by carrying out 
the reaction in a flask attached to a gas-burette. Another method 
is to withdraw samples of the liquid from time to time and determine 
the amount of hydrogen peroxide left by titration with perman- 
ganate. This experiment is described on p. 377. 

Why do we make a distinction between homogeneous unimoleoular 
reactions and those which give the unimolecular constant but take 
place at the surface of a catalyst ? Such a reaction is, for example, 
the decomposition of nitrous oxide at the surface of gold, or platinum. 
This gives the unimolecular constant. Hinshelwood and Green 
found that the decomposition of nitric oxide at the surface of a hot 
platinum wire was also unimolecular/ The reason for putting these 
jeactions in a different class is because they are just as much pseudo- 
unimolecular reactions as those already studied (p. 357). The 
active mass of the reacting substance is that in the layer adsorbed 
on the catalyst (p. 703), and not that in the gaseous phase. The 
concentration in the gaseous phase is not always proportional to the 
concentration in the adsorbed layer. Consider the thermal decom- 
position of nitrous oxide, which is, under certain conditions, a wall- 
reaction, takes place on the walls of the containing vessel, and 
is due to adsorption of the gas on the walls. If the adsorption is 
small, all the adsorbing places on the glass surface will not be 
covered, and the adsorption will be proportional to the pressure, 
and so also will the reaction. In this instance the order of the 
reaction measured is its true order. But suppose that the pressure 
is greater, and the adsorption is therefore greater, and all the 
adsorbing places are full. Then further increase of pressure does 
not bring any more gas in contact with the catalyst, and the rate 
of the reaction ceases to be proportional to the pressure, and 
although the heterogeneous reaction is in reality a unimolecular 
reaction, it does not obey the unimolecular law. Similar considera- 
tions govern reactions of other orders. 

165. Bimolecular Reactions. — In these reactions the concentra- 
tions of two molecular species may vary, or two molecules of the 
same species may disappear as a result of the reaction. The 
reaction may be written, in the general case, as 

A -f- B — > C + D + E + . „ • • 

Assume first that the initial molecular concentrations of A and B 
are the same, and call them a. After a time t, suppose that x gram- 
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moleonles of both A and B have been transformed into C and D 
Then, according to the Law of Mass Action, 


v = k(a — a:)*, 
or, Jr ■= *(« ~ *)*• 

Integrating this equation, 

at a — x 


(i) 


Consider the more general case, where the initial concentrations of 
A and B are not the same, but different, and equal to a and b respec- 
tively. Let x gram-molecules be converted after time t. Applying 
the Law of Mass Action, 


Integrating, 


= *(« - *) (* - *)• 


* - t(a - b ) loR 


b(a — x) 
a(b — x) 


It will be noticed that as the concentrations appear in the denomi- 
nator as a product, and in the numerator only as a single term, the 
value of the constant obtained will depend upon the units in which 
the concentrations are expressed. This was not so in the case of 
unimolecular reactions. 

The time for half-change is calculated in a way similar to that used 
for unimolecular reactions. In equation (1), put x =Ja. 


a 




It is seen that for bimolecular reactions the time for half change is 
not independent of the initial concentration. 

Bimolecular reactions are the most common, but the number 
which are known to proceed in a straightforward manner is still 
small. A few examples of them, with their methods of investigation, 
may be given. 

The hydrolysis of ethyl acetate is a bimolecular reaction. It has 
already been pointed out that this reaction may become apparently 
unimo lecular when the quantity of the hydrolysing agent is very 
great.. If, however, ethyl acetate is hydrolysed by means of caustic 
soda, and the latter is not taken in such great excess that its act i* 
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mass may be assumed to be constant, it will be found that the 
bimolecular equation is satisfied. The reaction is 

CH 3 COOC 2 H 5 + NaOH = CH 3 COONa + C^OH, 

and it is obvious that as the reaction proceeds the caustic soda is 
progressively used up, and, by determining the amount of it left at 
any given stage, the rate of the reaction may be obtained. A 
dilute solution of ethyl acetate is therefore mixed with an equivalent 
quantity of sodium hydroxide solution (in order to make use of 
equation (1) (p. 361), and thus simplify the calculation), and 
measured volumes of the liquid are withdrawn at definite intervals, 
immediately passed into excess of standard acid to prevent any 
further reaction, and the excess of acid is determined by standard 
alkali. The concentration of sodium hydroxide found is also a 
measure of the amount of ethyl acetate used up. For full experi- 
mental details see p. 377. In all experiments on reaction velocity, 
it is necessary to maintain the reaction mixture at a definite tem- 
perature throughout, since the value of k is greatly altered by 
change in temperature. This is done by keeping the reacting 
mixture in a thermostat regulated for a suitable temperature. In 
this case a temperature of 25° C. is convenient. 

A table of results is given below. It shows how the bimolecular 
constant is obtained, and that the results fail to agree with the 
unimolecular formula. 


Table LXIV.— Hydrolysis of Ethyl Acetate 
a = 1600 


fnlnu. 

m. 

Unimolecular, 

. 1 , a 

| l *iKw 

Bimolecular, 

i- i — 

at ■ a—x 

5 

5-76 

1 

0-0070 

15 

9-87 


00067 

25 

11-68 


0-0069 

35 

12-59 

0-0442 

0-0066 

65 

13-69 

0-0352 



The reaction between hydrogen and iodine to form hydrogen 
iodide, and the reverse reaction, are both straightforward bimolecular 
reactions and have been exhaustively studied by Bodenstein. In 
the decomposition of hydrogen iodide, the gas was sealed in glass 
bulbs at 0° and at 760 mm. pressure, and these were then heated 
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for a known time in a thermostat arranged for high temperatures, 
usually a vapour bath. 

Here the calculation is somewhat more complicated, because the 
reaction is reversible. The two reactions, the forward and back 
reactions, must be considered, and if x is the fraction of the hydrogen 
iodide decomposed in time f, then 

f)\ 

where k is the velocity constant of the forward reaction, and k* that 
of the back reaction. 

Let y be the fraction decomposed at equilibrium ; then 
i(l - y)» = k' (f)*. 


k' = 


£ . 4(1 — y)* 

7 


u ~ 20 = 7 ) lo «- — 


4’ 


Thus, k can be calculated from a knowledge of the amount decom- 
posed at time t, and the amount decomposed at equilibrium. A 
similar method can be used for the reverse reaction. 

Another bimolecular reaction is the decomposition of ozone, 

20 3 = 30 2 , 

although the evidence in this case is rather conflicting. Hinshel- 
wood states, however, that there seems to be no doubt that this 
reaction is a truly homogeneous bimolecular reaction. 

The thermal decomposition of nitrous oxide 2N a O = 2N a + O t 
is bimolecular in the homogeneous state, and unimolccular in the 
heterogeneous state. It has been investigated by Hinshelwood and 
Burk. They measured the rate of the reaction by observing the 
increase of pressure during the change. Silica vessels were employed, 
and the reaction was proved to be homogeneous by showing that 
addition of silica powder made no difference to the rate. 

166. Termolecular Reactions and Reactions of a Higher Order. — 
In this case the concentrations of three molecular species vaiy 
during the change, or three molecules of the same species enter into 
reaction. Termolecular reactions are rather rare. This is easily 
understood when the reaction mechanism is considered in terms of 
the kinetic theory. According to this theory, collision is necessary 
for reaction to take place. For a bimoleoular reaction, two molecules 
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have to collide, and this is quite a likely thing ; hence the greater 
number of bimolecular reactions. In a termolecular reaction, 
* however, three different molecules have to come together at one 
and the same time, and the chance of their doing this is rather small. 
It must depend upon the length of time two of the molecules will 
remain in contact It is obvious that very few reactions of a higher 
order still can be expected, though a few are known. 

In deriving the expression for the velocity constant of a ter- 
molecular reaction, suppose that the three reactants have the same 
initial concentration a , and that after time t an amount x of them 
has been transformed. Then by the Law of Mass Action 


dx 

dt 


= Ha - x)\ 


dx 

(a — x) z 


= kdt, 



1 1 
t ‘ 2 


1 

(a — x) 2 



The time for half change is given by putting x 




When the initial concentrations are different the calculation is 
rather more complicated, and will not be given here. 

The reduction of ferric chloride by stannous chloride is stated by 
Noyes to be a termolecular reaction. It can be written 


2FcCl 3 + SnCl 2 = 2FeCl a + SnCl 4 . 

The reaction was followed by mixing equivalent solutions of 
stannous chloride and ferric chloride in a flask kept in a thermostat, 
and withdrawing quantities from time to time, the time being noted. 
These were run into mercuric chloride to destroy excess of stannous 
chloride, and then the ferrous iron was determined with dichromate. 
Secondary reactions take place easily, and the constancy of the 
velocity constant is not very satisfactory, as the following table of 
results shows. 
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Table LXV. — Reduction of Ferric Chloride by Stannous 
Chloride (Noyes) 


t mins. 

«. 1 

i 

k " 2f 1 (a - *)• 

i 

001431 

87 

3 

002004 

87 

7 ’ 

0-03812 

84 

11 

0 04102 

87 

40 

005058 

85 


a =--= 00025. 



Another termolccular reaction investigated by Noyes and Cottle 
was the action of sodium formate on silver acetate, 

2AgOOC.CH, + HCOONa = 2Ag + CO, -f CH.COOH + 
CH 3 COONo. 

167. Summary of Equations for Reactions of Various Orders. — 

(1) Unimolecular. 

, 1 a a , 

Time for half change, 

, _ log. 2 
k ' 

(2) Bimolecular , — (a) Initial concentrations of all reactants the 
same, 


k = 


at 


Time for half change, 


a 


(b) Initial concentrations of reactants different, 
t(a — b ) a(b — x) 


k — 


(3) Termolecular . — Initial concentrations of reactants the same, 

1 -11 
(a — x)* a* ) * 




Time for half change, 


3fr 
* ** 2o*' 


168. QompH estloM occurring in the Determination of Orders of 
Reactions. — The number of reactions which proceed strictly accord- 
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ing to the equations derived is very small, when the enormous 
number of chemical reactions that can take place is considered. 
The disturbing factors are chiefly : (1) the occurrence of the back 
reaction, (2) the occurrence of consecutive reactions, and (3) side 
reactions/ The effect of the back reaction has already been considered 
in the thermal decomposition of hydrogen iodide, and will not again 
be discussed (p. 363). 

Consecutive Reactions . — In some cases one reaction follows 
another. The equation then does not give much help in deciding 
the order of the reaction. The speed of such a reaction, which is 
made up of two or more parts, is that of the slowest reaction. Where 
a reaction is made up of two reactions, one of which is fast and the 
other slow, the kinetic treatment may not indicate the fast reaction 
at all. These consecutive reactions usually occur in solution, and 
there is often a great deal of uncertainty as to the mechanism of 
them. 

As an example of a series of consecutive reactions, Lapworth’s 
investigation of the bromination of acetone in the presence of 
hydrogen ions may be quoted. The chemical equation representing 
the complete change is 

CH3COCH3 + H+ + Br 2 ^CH 3 COCH 2 Br + 2H^ + Br~. 

The velocity of this reaotion is proportional to the concentration of 
acetone and of hydrogen ions, but is unaffected by the concentration 
of bromine. This can be explained as follows : The acetone, in the 
presence of hydrogen ions, is transformed into an enol form : — 

CH 8 CO.CH 3 [+ H+] ^ CH..C(OH) : CH 2 (1) 

This is a slow reaction. 

The enol form rapidly adds on bromine, 

CH 8 .C(OH) : CH 2 + Br a - CH 2 Br C(OH)Br-CH 3 . . (2) 
and the compound produced immediately loses hydrobromic acid, 
CHjBr.C(OH).Br.CH 3 = CH 3 COCH 2 Br + HBr . . . (3) 

Reactions (2) and (3) are instantaneous, whereas reaction (1) is 
stow. The speed of the total change will be dependent largely upon 
the speed of the slowest link in the chain. Hence reaction (1) is the 
ohange, the speed of which governs that of the complete reaction. 
Ibis explains why the concentration of the bromine does not affect 
the rate of the reaction. 

Another example, studied by Noyes and Scott (1896), is the 
reaotion between hydrogen peroxide and hydriodic acid. Iodine is 
liberated according to the equation 

H s O t + 2HI »I t + 2H t O. 
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This reaction proved to be bimolecular, although the equation 
indicated that it should be termolecular. This was explained by 
supposing that the mechanism was 

HA + I- = H 2 0 + io- (1) 

io- + I- + 2H+ = H 2 0 + I 2 (2) 

The first reaction proceeds with measurable slowness, but the 
second is instantaneous. The first equation, therefore, decides the 
kinetics of the reaction. It may be mentioned that, as the second 
reaction is one of the fourth order, it, too, probably consists of a 
series of consecutive reactions. 

Side Reactions . — When substances react, a number of independent 
reactions may take place, giving rise to different end produots. 
Usually one of these reactions predominates, and is called the 
“ main reaction,” the others being called the ” side reactions.” It is 
usually possible by altering the conditions of experiment to make 
one or other of the side reactions assume the rdle of main reaction. 
In applying the Mass Law to examples of this kind, it is necessary 
to take each reaction separately, as if it occurred separately from 
the others, and connect the set up at the end, though this is, of 
necessity, a somewhat complicated process. 

169. Methods o! determining the Order of a Reaction.— The first 
method is to carry out the reaction and analyse the products from 
time to time, and then substitute the values in the various order 
equations (p. 365), and see which one fits the experimental data the 
best. This is the method most frequently used. 

The second method is to determine the time required for a given 
fraction of the reaction to be completed, say, one-half of it. It will 
be seen from the equations given on* p. 365 that the time for half 
change for reactions of different orders is inversely proportional to 
the concentration raised to the power of the order minus one. Thus, 
the time for half change is independent of concentration for a 
unimolecular reaction, whilst it is inversely proportional to the 
concentration for a bimolecular reaction, and inversely proportional 
to the square of the concentration for a termolecular reaction. 
Thus, if the times at which the reaction is half completed, t x and I g, 
are determined for respective initial concentrations of Cj and the 
equation connecting these times is 



where n is the order. 

As an example of this, the figures for the thermal decomposition 
of phosphine are given below (Hinahelwood) 
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Table LXVJ. — Thermal Decomposition of Phosphine 


Initial pressure, 
mm. 

HalMJfe, 

sees. 

707 

84 

79 

84 

37*5 

83 


Since the times axe constant for various initial pressures, the 
reaction must ho unimolecular. It is actually a heterogeneous 
reaction. 

The third method is known as Ostwald’s Isolation Method. In 
this, each reactant is taken in large concentration in turn, and the 
order of the reaction determined by the first method. The active 
mass of the substance taken in great excess may be taken as con- 
stant. The sum of the orders, when each reactant is separately 
taken in excess, is the order of the reaction. The method may be 
illustrated by the reaction between sodium formate and silver 
acetate, to which reference has already been made (p. 365). 

2CH a COOAg + HCOONa = 2Ag + CO, + CH s COOH + 
CH,COONa 

When the silver acetate is taken in large excess, its active mass 
remains constant, and the reaction is found to be unimolecular with 
respect to the sodium formate. When the latter is taken in excess 
it is found to be bimolecular with respect to the silver acetate. 
Hence the reaction is termolecular. 

170. The Temperature Coefficients of Chemical Reactions. — The 
velocity of most chemical reactions varies greatly with temperature. 
The ratio of the velocity constants at two temperatures separated 
by 10° C., usually 25° C. and 35° C., is called the “ temperature 
coefficient ” of the reaction. It is, as a rule, numerically between two 
and three. ' The value of the temperature coefficient is of great 
importance in deciding the mechanism of chemical reactions (p. 369). 

171. The Mechanism of Chemical Change. — Reactions take place 
between molecules, and, in order that there may be interaction 
between one molecule and another, there must be collision between 
them. It is highly unlikely that action could take place at a 
distance. 

What happens when this collision takes place ! Consider the 
two types of molecules — those in which there is an electrovalent 
linkage, and those in which there is a covalent linkage. It has been 
pointed out, in the chapter on valency (p. 168), that the bond 
between sodium and chlorine in sodium chloride is weak, because it 
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is an eleotrov&lent linkage. As soon as common salt is dissolved in 
water it ionises, and the bond is broken. It is otherwise with 
covalent molecules (p. 168). These retain their individuality in 
solution. When silver nitrate and sodium chloride are brought 
together, silver chloride is precipitated according to the equation 
NaCl + AgN0 3 = AgCl + NaNO,. 

The reactions NaCl = Na + -j- Cl”, and AgN0 3 =» Ag+ + N0 3 ” have 
occurred before the solutions are mixed, and the reaction is Ag+ + 
Cl” = AgCL The rate of this change is therefore determined by 
the rate at which the chlorine and silver ions can reach, and attach 
themselves to, the silver chloride lattice. Consequently, the 
reaction is almost instantaneous. The bond between the atoms is 
bo weak that it can hardly be regarded as a bond at all, and so the 
ions have to overcome only a small force when they move to the 
silver chloride lattice. 

The covalent linkage is stronger, and the breaking away of parts 
of such a molecule involves the performance of work against the 
linkage, and so reactions between covalent compounds are usually 
much slower than those between electrovalent compounds. 

The simplest theory of the mechanism of chemical reactions 
would be that when molecules collide combination occurs, and that 
every collision is effective in producing combination. That this is 
not true is readily shown by considering the data obtained experi- 
mentally for a bimolecular reaction, such as the hydrogen iodide 
decomposition (p. 344). It is thus found that the number of 
molecules colliding is many millions of times the number which 
actually combine. Another reason for believing that all collisions 
are not effective is that, if they were, calculations based on the 
kinetic theory would indicate that the temperature coefficients of 
all reactions should be 1-04, whereas, as a general rule, they are 
considerably higher than this. 

It is clear, then, that molecules which do react when they oollide 
must be in some special state which favours combination. For this, 
the molecules might have to be orientated in some suitable way, or 
they might have to wait their turn to come into contact with a 
catalyst, or perhaps they might have to be activated by the acquisi- 
tion of a certain amount of energy. It is this last assumption that 
has proved most fruitful in elucidating the nature of chemical 


change. 

If E is tke amount of energy that has to be present in a molecule 
for combination to take place with another molecule on colliding, 
it can be shown from the kinetic theory that 
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where e is the base of natural logarithms, R is the gas oonstant, and 
T the absolute temperature. 

Now, consider a reversible reaction, the velocity of the forward 
reaction being k, and tbat of the reverse reaction k'. Let the 
equilibrium constant be K. This is equal to k/k'. The effect of 
temperature on the equilibrium constant K is given by the expression 

d logJT _ Q. 
dT RT V 

where Q, is the heat of reaction (see p. 640). 

Since log,*! = logjc — log Jc', 

d log Je d log,*;' _ Q„ 

dT dT ~ RT V 
. dlogjt _ Ai p 
* ‘ dT ~ RT*^ ’ 
d logjc' A t 
dT ~ ItT 2 ^ ’ 

H 

where A 1 — A 2 = Q„ 

and A x and A 2 are energies. 

The quantity B may or may not be independent of temperature, 
but Arrhenius showed empirically that the variation of the velocity 
oonstant h with temperature is given by the equation 

d log Jc __ A 
dT 

A has the dimensions of energy. 

The total number of collisions between molecules can be shown 
to be 

Z = V^Trahin 1 , 
where a — molecular diameter, 

u = root-mean-square velocity of molecules, 
and n = number of molecules per c.c. 

The velocity constant of a reaction is proportional to the number of 
effective collisions, t.e., proportional to the total number of collisions 

multiplied by i.e., V2ir<jhin % e- BIItT (1). 

Now the value of V^nahin 1 does not vary greatly with tempera- 
ture. At least, its variation is negligible compared with that of 
q-birt* an d so \Z2nahin 2 may be regarded as constant for different 
temperatures. Hence, 

k = Ce-*l* T . 

On taking logarithms and differentiating, we hav* 

d\ogJt_ X 
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which is of the some form as the Arrhenius equation mentioned 
above, and shows that the minimum energy required for effective 
collisions, which may be called the " energy of activation ” is identical 
with the A of the Arrhenius equation, and can therefore be calculated 
directly from the temperature coefficient of the reaotion. 

Thus, in Hinshelwood and Burk’s experiments on the thermal 
decomposition of nitrous oxide, it was found that at a temperature 
of 1,125° Abs., log J0 ( k X 10 s ), where k is the velocity constant, was 
4*064, and at 1,085° Abs., the value was 3*575, The Arrhehius 
equation states 


or 


d Iog,fc __ A 
dt ~ RT* 


logio — logio 


R x 2-303 



/ 



±- a _ i.i 

4-576 V3 1 , TJ 

Substituting the data above, 

im (c® 

40 * 

1,125 X 1,085 

, , 4*576 X 1,125 X 1,085 X 0*489 

A = + ITS 


0*489 = 


A 


4*576 



= + 68,260 gm.-cals. 

Hence the energy of activation is 68,260 gm.-cals. 

The meaning of the positive sign is that this is the amount of 
energy which the molecules must have in excess of the ordinary 
amount. 

The applications of these principles are well shown by a calcula- 
tion due to Lewis and quoted by Hinshelwood. It concerns the 
thermal decomposition of hydrogen iodide, and the object is to 
calculate the energy of activation from the Arrhenius equation, and 
then use this in the equation (1) above. In this way, the absolute 
velocity of the reaction can be calculated. If it agrees fairly well 
with experimental data it may be taken that the method is correct. 
The temperature coefficient of the reaction gives a value for A, 
and therefore of 2J, of 44,000 calories. 

It is now required to find the total number of effective collisions 
from the equation 

Z = V^TTohmh-*!* 7 . 

The molecular diameter of hydrogen iodide may be taken as 3*5 X 
10“* cm. Suppose the concentration of hydrogen iodide is one gram* 
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molecule per litre, then the number of molecules per c.c. will be 
6*1 x 10 20 , since Avogadro's number is 6-1 x 10 23 . At 556° Abs., 
the, root mean square velocity is 3-3 X 10 4 cm. per sec. The value 
of V27ra t unhr EfRr is therefore 


V2 . it . (3*6 X 10- 8 ) 2 . (6 1 X 10 20 )*e~ . 3-3 X 10* 

= 3-25 x 10 14 per c.c. 


This is the number of collisions between activated molecules per 
second in 1 c.c. of gas. The number of molecules which should 
react per litre is therefore 3*25 X 10 17 , To express this as a fraction 
of a gram-molecule we divide by Avogadro’s number, as follows, 


3-25 X 10 17 
6-1 X 10 23 


5-3 X 10- 7 . 


This is the fraction of a gram-molecule reacting in one second, 
when the concentration of gas is one gram-molecule per litre, and 
so it is the velocity constant k, in gram-molecules per litre per 
second. The experimental value at 656° Abs. is 3-5 X 10 -7 , which 
is in quite satisfactory agreement, considering our uncertainty as to 
molecular diameters. j 

This indicates that the theory of energy of activation is essentially 
correct. 

Difficulties are, however, experienced when unimolecular reactions 
are considered. In the case of these reactions, the decomposition 
cannot be due to collision followed by immediate breakdown, 
otherwise the reaction would be bimolecular. However, collisions 
previously received may have put the molecule into an unstable 
state, and cause it to undergo transformation later. 

Some amount of activation must be supposed to take place in 
such systems, since the temperature coefficient is always so much 
greater than it should be according to the kinetic theory. 

The theory of unimolecular reactions was investigated by Perrin 
in 1919. He stated that, since the rate of a unimolecular reaction 
is independent of the pressure, it ought to be possible to expand a 
gas to infinity and still have the same rate of reaction. The mole- 
cules, being at an infinite distance apart, will never collide with each 
other, and consequently cannot receive energy to activate them. 
Perrin therefore suggested that the molecules were activated by the 
absorption of radiation from some external source. 

This theory seemed to offer a very neat explanation of the cause 
of chemical action, and was further developed by W. C. McC. Lewis, 
but is not now generally held. There is nothing illogical in the 
theory, for photochemical reactions are brought about by the 
absorption of radiation, and the Einstein Law of the Photochemical 
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Equivalent gives a satisfactory explanation in many cases (see p. 721 ). 
It has been found possible, however, to explain unimolecular 
reactions on the theory of activation by collision, as will be shown 
below, and so there is no further need for the radiation hypothesis. 
Also, the calculated frequency of radiation necessary to accelerate a 
reaction is found by experiment to be quite inactive as a general rule. 
Numerous other objections have also been raised. ' Many attempts 
have been made to modify the original radiation theory to make it 
satisfy the experimental data, and a theory combining both activa- 
tion by collision and by radiation has been proposed ; but, although 
there is nothing inherently impossible in the theory, it seems better 
to use the collision theory alone. 

Lindemann was the first to show that it really was possible for 
the molecules taking part in a unimolecular reaction to receive their 
energy of activation by collision, if it could be assumed that reaction 
did not take place at once when the molecule had been activated, 
but that a certain period of time elapsed. Activated molecules can 
give up their additional energy to molecules poor in energy on 
colliding with them. It is assumed that in their motion molecules 
pass through periods of maximum and minimum stability, and 
Lindemann supposes that the molecule is activated by collision, but 
does not undergo transformation until it passes through its next 
minimum of stability. If the time that elapses between reception 
of energy and transformation is large compared with the time 
between two impacts, most of the activated molecules will lose their 
energy again by another collision before they have time to break 
down. Hence, the rate of activation and the rate of transformation 
are quite different. 

The number of activated molecules will be proportional to 
tr E l RT (p. 369), but only a small number of these decompose ; 
most of them are deprived of their energy by other collisions. 
Hence, the chemical reaction does not disturb the number of active 
molecules very much. The factor e~ E l RT is independent of 
pressure, and the number of reacting molecules is a definite small 
fraction of this, so this too will be independent of pressure^ ^ Hence, 
the conditions required for a unimolecular reaction are satisfied. 

Let us now consider what will happen, on this theory, at low 
pressures. ;It is clear that this theory does not get over Perrin’s 
objection as to non-activation at infinite dilution. But, consider 
what will happen at moderately low pressures. Here the time 
between the collisions will be much greater ; sufficient, in fact, to 
allow many more of the activated molecules to go through their 
positions of minimum stability and break down before they collide 
with other molecules. Hence, as the pressure is reduced, there 
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must be a point when the unimolecuiar constant begins to alter. 
Nearly all unimolecuiar reactions studied (§ 163) show this. 

Another method of explaining unimolecuiar reactions, involving 
activation by collision, is that of Christiansen and Kramers. They 
state that the products of the reaction, which possess both the 
chemical heat of reaction and the heat of activation originally asso- 
ciated with the molecule before decomposition, immediately activate 
fresh undecomposed molecules by collision. Thus, every activated 
molecule which is decomposed passes on energy and ensures the pro- 
duction of new activated molecules. Hence, Lindemann’s conclusion 
is reached, that the number of activated molecules is not reduced by 
the occurrence of the reaction, though the Christiansen-Kramers 
explanation appears the more satisfactory. 

When the products of reaction begin to accumulate in the system, 
however, there will be more inert molecules with which the activated 
products can collide, which will merely mean a loss of activating 
energy. Active molecules will thus be deactivated if they collide w T ith 
inactive molecules of product, or with some added molecules with 
which reaction does not take place, e.g., some foreign gas, like hydro- 
gen, helium or nitrogen. The theory could be tested by adding some 
foreign gas to the reaction mixture and seeing if the velocity of the 
reaction decreased. This has been done for nearly all the unimole- 
cular reactions studied, with no effect. This favours Lindemamvs 
theory as opposed to Christiansen- Kramers * . 

To overcome this difficulty, the latter made the assumption that 
the active products could only activate molecules of the reactant, and 
not of any inert gas, or the inactive products. Theoretically this is 
not such an unreasonable assumption as it appears. Nevertheless, 
most of the evidence is in favour of the Lindemann theory. 

The Avays in which energy is taken up by molecules in activation 
has not been dealt with, but it may be stated that this process must 
always be governed by the quantum theory. Most available evidence 
shows that the vibrational motion of the molecule is of the most 
importance in chemical action. The quantum theory of chemical 
reaction regards the energy of activation as an energy “ hump ” 
which must be exceeded by the reacting molecules. The theory has 
been used to predict successfully the absolute value of the velocity of 
chemical changes in simple cases, and gives a more accurate picture 
than the classical theories. 

SUMMARY 

The speed of a reaction is the amount of the reactants transformed, 
in gram-molecules, per second. According to the Law of Mass Action, 
the rate of a reaction is proportional to the product of the active masses 
(or of the molecular concentrations) of the reactants. Chemical 
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reactions usually occur in both directions, the conditions are so 

arranged that the back reaction cannot take place. When equilibrium 
is attained, the rate of the forward reaction is equal to that of the 
reaction. In the reaction 


mA -f nB + . . . ^ a?P + yQ + 
the speed for the forward reaction is 


*1 = *i[a y * [b? 

and that of the back reaction is 




®.-*i[PJTQ? 

where the symbols in square brackets represent molecular concentra- 
tions. At equilibrium, v x = v v and, therefore, 


and 


[A] m [B] n ... =: k 9 [P]* [Q]*..., 

K [P] a m 
= wm 


k x and k t are called “velocity constants,” and K the "equilibrium 
constant.” 

The effect of pressure, and of addition of one of the products of the 
reaction to the system at constant volume, may be predicted from the 
above equation. In some instances, the M active-moss ” of a substance 
is not proportional to its molecular concentration. It is then necessary 
to use “ activities " instead of molecular concentrations. These ore 
defined to be proportional to the active mass. 

The order of a reaction is the least number of molecules necessary for 
the reaction to take place. The order of the reaction whose mechanism 
is represented by 

ZA 4“ ^nB -f nC = uX -f- 6Y + cZ -4" ..... 

is Z + m + n. The equations governing the reactions of various 
orders are given on p. 305. Unimolecular reactions are rare. The 
majority are thermal decompositions of organic molecules. They are 
usually investigated manometrically. There are a number of reactions 
which obey the unimolecular law, and yet are not true unimolecular 
reactions, as some second substance, of which the active mass does not 
alter appreciably, enters into the reaction. This second substance is 
frequently a catalyst. The order of a reaction may be determined by 
the following methods (a) by seeing whether the experimental data 
agree with one or other of the formulas ; ( b ) by finding how the time 
required to complete a given fraction of the reaction depends upon the 
concentration of the reactants ; (c) by taking the reactants separately 
in excess, and finding the order according tp (a). The sum of the orders 
thus found is the order of the reaction. Side reactions and consecutive 
reactions often complicate the work. 

Chemical change depends upon the collision of molecules. Only 
those possessing a certain amount of energy, called “ energy of activa- 
tion,” will decompose. The number of effective collisions, which is 
only a minute fraction of the total number of collisions, can be calcu- 
lated, and hence the absolute velocity of the reaction can be obtained. 
This agrees well with that observed experimentally. The energy of 
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activation, S 9 is connected with the velocity constant k, and the 
temperature T% by the expression 

d log Jc E 

dT — RT % ' 

Unimolecular reactions also proceed owing to activation by collision, 
but, according to Lindemann's theory, decomposition does not take 
place immediately after collision. The molecules have positions of 
maximum and minimum stability, and only decompose in the latter 
condition. Hence, before attaining this, they may be deactivated by 
another collision. 


SUGGESTIONS FOR PRACTICAL WORK 

Experiment 15. — To study the equilibrium between ethyl aloohol, 
acetic acid, ethyl acetate and water. 

Set up a thermostat for 60° C. Draw off three test-tubes, and place 
in them (1) about 3 gms. of absolute alcohol, and 1 gm. of glacial 
acetic acid ; (2) 2 gms. of glacial acetic acid, and 2 gms. of absolute 
alcohol ; (3) 3 gms. glacial acetic acid, and 1 gm. of absolute alcohoL 
Seal off the tubes and place them in the thermostat for a day. Remove 
them from the thermostat and break them open under water. Titrate 
each solution with normal caustic soda. Also titrate a known weight 
of glacial acetic acid with the same solution. Calculate the concentra- 
tions Of acid, alcohol, ester and water at equilibrium, and see if they 
obey the Mass Law. (Theory, p. 361.) 

Experiment 16. — To study the rate of transformation of N-chloro- 
acetanilide into p-chloroacetanilide. 

First prepare some N-ohloroacetanilide by the following method. 
Suspend a weighed quantity of acetanilide in excess of a solution of 
potassium bicarbonate and add the calculated quantity of bleaohing- 
powder solution which has been standardised against thiosulphate. 
Extract the product with chloroform, and reorystallise from a mixture 
of chloroform and petroleum ether ; m.p. 01° C. Set a thermostat for 
25° C. Dissolve 16-20 gms. of the N-chloroacetanilide in 100 c.o. of 
20 per oent. acetic acid in a small flask, which is then corked and placed 
in the thermostat. One hundred c.o. of a normal solution of hydro- 
chloric acid in a similar flask are also placed in the thermostat. When 
the two flasks have attained the temperature of the thermostat (an 
interval of half an hour should be allowed), the two solutions are mixed 
and the time taken. Immediately withdraw 5 c.c. of the solution and 
run it into an excess of acidified potassium iodide, and titrate the 
liberated iodine with standard thiosulphate. Further portions of 5 c.c. 
are withdrawn at intervals of 10, 20, 30, 45, 60, 90 and 120 minutes, 
and the above procedure repeated. Calculate the amount of substance 
left after each time. This will be (a — x). Calculate the amount at 
time 0, this will be a. Actually, there is no need to calculate the 
absolute concentrations, since the titrations are proportional to these. 
See whether the results best fit the bimolecular, or the unimolecular, 
equation. (Theory, p. 359.) 

Experiment 17. — To study the rate of inversion of cane-sugar. 

Dissolve 20 gms. of cane-sugar in water, and make up to 100 c.c« 
Prepare also a normal solution of hydrochloric acid. Put two flasks. 
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containing 50 o.c. of each solution respectively, in a thermostat set for 
25° C., and when they have attained this temperature, mix the solutions 
and pour into a polarimeter tube, which can be surrounded by a water 
jacket, through wliich flows water at 25° C. Take the rotation as soon 
as possible, and then at intervals of five minutes for half an hour, then 
at intervals of fifteen minutes.' Take a final reading after the tube has 
been allowed to stand for two or three days. This gives r m . Calculate 
the values of r x — r n9 and work out the constant from the equation 


I * i 7 a — 1 so *’OVO T m — r 

(Theory, p. 358.) Pure sugar should be employed. 

Experiment 18. — Investigate the rate of decomposition of hydrogen 
peroxide. 

Hydrogen peroxide does not decompose at an appreciable rate at 
ordinary temperatures without the addition of a catalyst. A suitable 
catalyst is colloidal platinum, which is easily prepared by sparking 
between two platinum wires under water (or see p. 667). 

Take about 50 c.c. of “ 20 volume ” hydrogen peroxide and make up 
to 1 litre. Take 100 c.c. of this in a conical flask and place in the 
thermostat at 25° C. Add 2 c.c. of colloidal platinum, and withdraw 
5 c.c., mix it with excess of dilute sulphuric acid and titrate with N/20 
permanganate. Note the time at which the withdrawal was made, 
and take further quantities of 5 c.c. at intervals of five minutes, or at 
increasing intervals. Calculate the amount of hydrogen peroxide left 
at each time, and see whether the data obtained fit the unimolecular 
equation. Instead of calculating the concentration the actual titre 
may be used. To obtain the initial concentration, titrate some of the 
original solution with the permanganate before adding the catalyst. 

The effect of temperature on this decomposition may also be studied 
by repeating the experiments with a further quantity of hydrogen 
peroxide placed in a thermostat regulated for a different temperature. 
If the temperature is now made 35° C., the temperature coefficient may 
be obtained. (Theory, p. 360.) 

Experiment 19. — To study the rate of hydrolysis of ethyl acetate by 
an alkali. 


Prepare some N/2 sodium hydroxide solution free from carbonate. 
The solution must be kept free from air, and may be used in an automatic 
burette (see A. J. Mee, School Science Review , December, 1933). After 
standardising this, measure out enough to prepare 250 c.c. of N/10 
sodium hydroxide in a measuring flask, and make up to the mark. 
Dissolve 4*4 gms. of freshly distilled ethyl acetate in 500 c.c. boiled 
distilled water, This will make an N/10 solution. Put 200 c.c. of each 
solution in separate conical flasks capable of holding 500 c.c., and put 
both in the thermostat at 25° C. Whilst these are attaining the tem- 
perature of the bath, measure out 25 c.c. of N/10 hydrochloric acid into 
five small conical flasks. Now mix the ethyl acetate and the sodium 
hydroxide thoroughly, take the time, withdraw 25 c.c. and run it into 
the add in one of the small flasks. This immediately stops the reaction. 
The time should be taken when the pipette is half empty. Now titrate 
the excess of acid by means of N/10 sodium hydroxide free from carbon- 
ate. Take out other portions at intervals of a quarter of an hour. 

Calculate the velocity constant from the bimolocular equation, 
(Theory, p. 861.) 
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Experiment 20. — Examine the reaction between sodium formate and 
silver acetate. 

Prepare N/10 solutions of sodium formate and of silver acetate, and 
standardise them by the usual methods. Set a thermostat for 80° C. 
Take 100 c.o. of each solution in separate conical N flasks, and allow 
them to attain the temperature of the thermostat. The flasks should 
be securely corked. Mix, and note the time. Withdraw 10 c.o., run 
it into cold potassium thiocyanate (60 c.c. of N/10), and note the time 
when the pipette is half empty. Titrate the excess thiocyanate with 
standard silver nitrate. Calculate the concentrations of formate and 
acetate left, and see if the reaction follows the termolecular equation, 

It. 

2t I (a — *)» a*J 

(Theory, p. 366.) 

Experiment 21. — Determine the order of the reaction 0HI + HBrO, = 
HBr + 3H,0 + 31,. 

This is done by determining the time taken to complete a given 
fraction of the reaction. Prepare N/10 solutions of potassium iodide, 
potassium bromate, and hydrochloric acid, and an N/100 solution of 
thiosulphate. 

In a 350-c.o. conical flask place 26 c.c. of the iodide solution and 
100 c.c. of acid, and add 100 c.c. of water. In another similar flask 
plaee 26 c.c. of bromate solution, and put both flasks in the thermostat 
at 25° C. When both have attained the temperature of the bath, mix, 
and note the time of mixing. At intervals of two, and later five, minutes, 
take out 26 c.c. of the mixture, run it into 60 c.c. of ice-cold water to 
stop the reaction. Determine the amount of iodine by titration with 
thiosulphate. 

Now prepare another solution with only half the concentration of 
bromate, t.e., 60 c.c. iodide, 200 c.c. of hydrochloric acid, and 226 c.o. 
of water and 26 c.c. bromate. Repeat the observations with this 
mixture. 

From the results of the titrations, calculate the number of gram 
equivalents of hydrogen iodide used up. Plot these against the time 
in minutes, and find the time taken for, say, one-third of the hydrogen 
iodide to be oxidised in both cases. 

The product of the concentration of the reactants in the first case is 
twice that in the second, and so, if the reaction is bimoleoular, the time 
required for any definite fraction of the reaction to be completed 
should be twice as great in the second case as in the first. See whether 
this is the case. (Theory, p. 361.) 


SUGGESTIONS FOR FURTHER PRACTICAL WORK 
Investigate the following : — 

(а) The reduction of ferric chloride by stannous chloride. 

(б) The order of the reaction in the case of hydrolysis of methyl 
acetate by means of an acid catalyst. 

(c) The temperature coefficient of the hydrolysis of ethyl aoetate by 
sodium hydroxide. 

tf) The mutarotataon of gluoosa 
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(«) The catalytic decomposition of hydrogen peroxide using the gas 
burette to determine the volume of oxygen evolved in a given time* 

( / ) The order of the reaction given under (a) by taking excess of the 
reagents in turn. 


SUGGESTIONS FOR FARTHER READING 

Hinshelwood, C. N. “Kinetics of Chemical Change in Gaseous 
Systems.** {Oxford University Press, 1941.) 

Consult the original papers mentioned in this book. They will give a 
valuable insight into the difficult ics of this work, which cannot ho gone 
into here. For a discussion of tho Kadiution Theory, soo the Faraday 
Society discussion on “Radiation and Chemistry, *’ Trans . Faraday Soc ., 
1922, 546. Papers by tho chief exponents of this theory — Perrin and 
McC. Lewis — were given. See also tho Chemical Society Discussion oil 
“The Critical Increment of Homogeneous Reactions'* held on December 
17th, 1931. 


QUESTIONS 

(1) What do you understand by a reversible reaction ? Give 
examples of such reactions. 

(2) What contributions were made to chemistiy by Berthollet, 
Berthelot, and Guldberg and Waage ? State the Law of Mass Action, 
and show how it may be derived qualitatively from tho kinetic theory. 

(3) What are the factors which influence chemical equilibrium T 
Illustrate your answer by examples. 

(4) The ammonia in equilibrium with a 1:3 nitiogen -hydrogen 
mixture at 50 atmospheres and 400° C. is 25 per cent, by weight. 
Calculate the equilibrium constant. 

(5) In the reaction SO f -f £0 8 = SO a , the equilibrium constant is 
198 at 430° C. Calculate the percentage conversion of a gas containing 
50 per cent, sulphur dioxide, 40 per cent, oxygen, and 10 per cent, 
nitrogen at this temperature. 

(6) Tho equilibrium constant in the reaction $N f -f $0 2 = NO at 
various temperatures is given in the table below. 

T° Abs. : 1811 1877 2033 2580 2676 

K : 0-0092 0-0105 0-0161 0-0539 0-0590 

Calculate the heat of the reaction and the percentage yield of NO in 
the process if conducted at 2,000° C. 

(7) Illustrate the importance of tho Law of Mass Action in technical 
processes. 

(8) What do you understand by the order of a reaction ? Show how 
you would determine the order of the reaction between methyl alcohol 
and acetic acid. 

(9) What is a unimoleeular reaction ? Give examples of this type 
of reaction. What explanation of them has been given t 

(10) Give an account of the radiation theory of chemical reaction, 
and explain its defects. 

(11) What is meant by heat of activation ? How can it be deter- 
mined ? 

(12) What is the importance of a knowledge of the temperature 
coefficient of a chemical reaction f 
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(13) The following data have been obtained for the thermal decom- 
position of malonic acid, which takes place according to the equation 

CH t (COOHh — » CH.COOH + CO g . 

min. • 10 tO 35 56 « 

Pressure, mm. . 37*0 67*0 108*0 155*0 302*0 

Find the order of the reaction. All the reactants are in the vapour 
phase. (The data are due to Hinshelwood.) 

(14) The following data have been obtained for the reaction between 
acetic anhydride and water. (Sidgwiok and Rivett.) 

a - 0*1160 

t *= 0 . • 87 417 644 852 secs. 

x « 0*02378 0*07748 0*08848 0-10360 

a is the quantity of acetic anhydride present initially, and x that used 
up at time t after the commencement of the reaction, both quantities 
in cram-molecules. Find the order of the reaction, and whether 
it agrees with the chemical equation. If not, attempt an explanation. 

(16) How would you attempt to find the order of the reaction between 
chloroform and alcoholic potash ? What result would you expect to 
find, and why ? 

(16) The following results for the velocity constant of the reaction 

2N,0 6 « 2N t 0 4 + 0 1? 

were found by Daniels and Johnston. 

Temp. ° C. 65° 45° 25° 0° 

k 0*292 0*0299 0*00203 0*0000472 

In calculating k t the times were expressed in minutes Calculate the 
heat of activation from these results. 

(17) Hinshelwood and Burk found the following values for the effect 
of temperature on the velocity constant of the reaction 

2N.0 = 2N ft + O t . 

Temp. ° Aba. 1,125° 1,053° 1,030° 1,001° 838° 

Log 10 (& X 10 s ) 4*064 3*223 2*940 2*580 0*040 

The times were measured in seconds, and the concentrations in gram- 
molecules per litre. Calculate the heat of activation for the two gram- 
molecules, assuming that the Arrhenius equation holds at these tem- 
peratures (see p. 371). 

(18) In determining the rate of reaction of ethyl bromide and 
potassium hydroxide, equal quantities of N/10 solutions of the reactants 
were used, and 20 c.c. of the reacting liquid were withdrawn at definite 

N 

tines (t) from the start, and titrated with ~ acid. The volume of aoid, 


a, esquired is shown in the table :• 
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Time t, 
mins. 


0 

20-0 

21 

14*71 

4(5 

11-14 

97 

7-42 

164 

2-02 


Calculate the order of the reaction and the value of the velocity con 
stant. (Tho data are due to Hinshelwood and Grant.) 

(19) Blandon and Thompson investigated the order of the reaction 
between methyl iodide and pyridine. The following data were 
obtained : — 

a and b are the concentrations in gram -molecules per litre of methyl 
iodide and pyridine respectively, 
t is the time, in minutes, 

2 is the concentration, in gram -molecules per litre, of the quaternary 
iodide (C 5 H 5 NCH,I) formed. 

The reaotion was carried out at 60° C. 

a = 0 03222 
6=0-3013 


t 

67-6 

89*5 

135-5 

182-5 

228*5 

102 

0-282 

0-401 

0-536 

0-648 

0*721 


M ftlrft calculations to see whether this reaction toiiows the bimolecular 
law, and oalculate the velocity constant. 




CHAPTER IX 
THE PHASE RULE 


172. The Study of Heterogeneous Equilibria. The Phase Rule. — 

In the last chapter, chemical equilibrium was dealt with from the 
point of view of the Law of Mass Action. Whilst that treatment 
was primarily concerned with homogeneous equilibria, it was also 
shown that it could be made to apply to heterogeneous equilibria, 
t.e., equilibria in reactions taking place between reactants in more 
than one phase (§ 160). 

The Phase Rule provides another method of treatment of hetero- 
geneous equilibria. The Rule, which enables the behaviour of a 
heterogeneous system to be forecast under various experimental 
conditions, was deduced by Willard Gibbs (1874-78). It was 
obtained by thermodynamical deductions, and does not involve 
any assumptions as to the nature of matter, and so is not dependent 
upon any hypothesis concerning matter. There are no exceptions 
to the rule, if it is applied properly. Gibbs’ treatment was highly 
mathematical, and his paper was published in an American journal 
which was not very widely read, with the result that the Phase Rule 
was not known and accepted for some time. It was owing to its 
adoption by Roozeboom, van’t Hoff, and Ostwald, and the examples 
they brought forward of its application, that it became generally 
known. The Phase Rule co-ordinated a number of phenomena 
under one law, and by its use the behaviour of previously untested 
systems could be forecast. 

178. The Terms Involved. — The Phase Rule is stated in terms of 
the number of phases present in a system at equilibrium, the number 
of components of which the system may be made up, and the number 
of degrees of freedom which may be altered without oausing an 
alteration in the number of phases. It is difficult to put the Rule 
into words, and for that reason it is best expressed mathematically 
by the equation 

P + F = C + 2, 

where P is the number ofphases, C the number of components, and 
F the number of degrees of freedom. 

It must be pointed out that the R ul e only applies when equilibrium 
h as been attain ed. There must be such a quantity of eeelT phase 
present that w hen m ore^is added the eq uilibrium is not altered . 
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It is now necessary to obtain some idea of what these terms mean. 
It must be emphasised that for a proper understanding of, and 
capacity to apply, the Phase Rule, the meaning of the terms involved 
must be perfectly understood. 

Phase » — A phase may be defined as any part of a system which is 
homogeneous throughout, and is separated by a bounding surface 
from other homogeneous parts of the system. 

Consider ice, water, and water vapour. These are three phases of 
the same substance, water, and all three can exist together, as will 
be shown later, ft is usual, however, for only two to exist side by 
side. Thus, if a'beaker of water were to be placed in a vessel which 
could be evacuated, the number of phases present after evacuation 
(and before, for that matter, see below) is two — water, and water 
vapour. Consider a saturated solution of common salt, with excess 
of solid salt remaining over, under similar circumstances. Here the 
number of phases is three — the solid salt, the salt solution, and the 
water vapour. Eac h phase must, of cour se, be in one of the states^ 
Bolidj liquid or gas. In the gaseous state there can only be one 
phase, no matter how many di fferent molec ular species make it up, 
since gases are always completely miscibleT A gas mixture is always 
homogeneous, and thus falls within the definition of a phase. Thus, 
when we have a beaker of water exposed to the air, there are still 
only pwo phases present — a liquid phase, the water, and a gaseous 
phase, water vapour and air. 

Liquids may, or may not, form a single phase. It depends on 
their miscibility. If a liquid is immiscible with another there will 
be two phases. If it is partly miscible there may be one phase, or 
there may be two, depending upon the concentration. 

Solids are invariably regarded as separate phases, except in the 
instance of a solid solution. Otherwise, even though the mixture 
be made very intimate, the number of separate molecular species 
present gives the number of phases. Thus, many forms of sulphur 
can exist together ; these are all separate phases. 

It must be carefully borne in mind that the Phase Rule itself has 
nothing whatever to do with the amounts of the different phases 
present (apart from the fact that there must be sufficient of the 
phases to give equilibrium), but merely their number. 

Componen ffc—The number of components in a system is the 
smallest number of independently variable constituents by means 
of which the composition of each phase participating in the state of 
equilibrium can be expressed in the form of a chemical equation * 1 

It is rather more difficult to grasp the meaning of the term 


1 Findlay M The Phase Aula ao<* Ue Applications ” (Longmans), p. A 
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“ component 99 than it ia that of “ phase/’ bat some examples will 
make the matter clearer. 

Consider an equilibrium system containing sodium sulphate and 
water. Such a system could include various phases — water, vapour, 
icc, various hydrates of sodium sulphate ; but the composition of 
each phase can be expressed by chemical equations which involve 
only anhydrous sodium sulphate and water. Consider three of the 
possible phases — •Na 2 SO 4 .10H a O, NagSOg, and solution. Then 

Na 2 SO 4 .10H # O = lNa 2 S0 4 + 10H 2 O, 

NagSC^ ■= lNft2S0 4 + 0H 2 O, 

Solution = xNagSO* + yH g O. 

The amaUest number of independently variable constituents by 
which the composition of the phases present at equilibrium can be 
expressed is two — NagSC^ and H a O. This is referred to as a two- 
component system. 

In the dissociation of calcium carbonate by heat, there are three 
different molecular species, but the composition of each phase can 
be expressed in terms of any two of the molecular species. ThuB, 
the possible phases present at equilibrium are calcium carbonate, 
CaCOj, calcium oxide, CaO, and carbon dioxide, C0 2 . If any two 
of the constituents are chosen, the composition of all the phases is 
determined. Take, for example, CaO and CO f for the two con- 
stituents ; then, 

Phase. 

CaO = CaO + 0 CO f , 

C0 2 = 0 CaO -i CO,, 

CaC0 3 = CaO + C0 2 . 

If, now, CaC0 3 and CO* are chosen for the two constituents. 
Phase. 

CaO - CaC0 3 - CO f , 

CO 2 = 0CaCO 8 + CO* 

CaCOg = CaC0 3 + 0 C0 2 . 

In both examples, the smallest number of constituents which fix 
the composition of the phases present at equilibrium is two, and this 
again is a two-component system. 

In the system — sulphur and its allotropes, liquid sulphur, and 
sulphur vapour — the compositions of all the phases can be expressed 
in terms of one constituent, sulphur, and this is therefore a system 
of one component. 

Degree of Freedom . — The number of degrees of freedom of a 
system is the number of factors, temperature, pressure, and concen- 
tration of the components, which may be varied without altering 
the number of phases present. 
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Pressure, temperature, and concentration are the only variables 
concerned in the definition of “ degree of freedom ” (for all ordinary 
purposes). Any particular phase may be able to exist tinder different 
conditions of these variables, but other variables will not enter into 
the question. Thus, the electrical condition of the system might be 
altered, but such a variable is not regarded as a “ degree of freedom ” 
from the Phase Rule point of view, because it has no specific action 
on the course of chemical change. It is usual, in Phase Rule deduc- 
tions, to regard capillary forces as negligible. Otherwise, an extra 
degree of freedom, the surface tension (or interfacial tension), would 
have to be introduced, for it is known that variation in this may 
influence the course of a chemical change, owing to difference in 
concentration of the substance in the surface layers (§ 343). 

Suppose there is a gaseous phase only. It is known that the pro- 
duct of the pressure of the gas and its volume is constant, if the tem- 
perature is constant. If, then, the temperature and the pressure are 
fixed, the volume of the gas is fixed, and the system is completely 
defined. In other words, if the temperature and pressure of a gas are 
given, the volume (and hence the concentration, since volume fixes 
it) must follow. Thus, it is necessary to fix only two of these variable 
factors in order completely to define the state of the system, or two 
may be varied without altering the number of phases present. The 
system therefore has two degnws of freedom. 

Consider now a system made up of water in contact with its 
vapour. The vapour pressure will depend on temperature, but haa 
nothing to do with the amount of water present. Hence, on fixing 
the temperature, the vapour pressure is fixed, and conversely. 
This, then, is a system with one degree of freedom. 

174. Application of the Phase Rule to Systems of One Component.— 
Having defined the terms involved in the statement of the Phase 
Rule, we can now proceed to study a few systems by its aid. 

The Water Vapour — Water — Ice Equilibrium . — In this system 
there is only one component, but the number of phases may be 
varied. If three phases — ice, water, and vapour— exist together, 
we have P =* 3, C = 1, and the Phase Rule, 

P + F - C + 2, 

gives the result F = 0. 

The system, therefore, has no degrees of freedom, and is oaDed a 
“ non-variant ” (or “ invariant ”) system. What does it mean for a 
system to have no degree of freedom f Turning to the definition of 
degrees of freedom, it is seen that it means that none of the variables, 
pressure, temperature, or concentration, can be varied without one 
of the phases disappearing from the system. Thus, the three 
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phases can only exist together under one condition of tempera- 
ture and pressure. At tjie point of co-existence the temperature 
is + 0*0075° C. and the pressure 4 mm, 

If only two phases exist together, say ice and water, or ice and 
vapour, or water and vapour, the system now has one degree of 
freedom, and is said to be univariant. This means that one of the 
degrees of freedom, say temperature, may be varied without causing 
any alteration in the number of phases. 

These facts, obtained by a consideration of the Phase Rule, may 
be tested by experiment. The equilibrium between water and its 
vapour may be represented by its vapour pressure curve, which tells 


ffow- 

variant — Ice, water. 

vapour— O 

Unlvariant— Water- 
vapour 

— OA 
.lee— vapour 
—OB 
lee— water 
—00 

Bivarlant — water A00 
vapour AOB 
lee COB 


Fra. 100. — The p-t Diagram for Water 
(not drawn to scale). 

the pressure of vapour in equilibrium with water at any given 
temperature. This curve is the curve OA in the diagram (Fig. 106). 
The equilibrium between ice and vapour is similarly the vapour 
pressure curve of ice, and is represented by OB. The equilibrium 
between water and ice is expressed by the effect of pressure on the 
freezing point of water. Obviously the curve showing the relation- 
ship between freezing point and pressure represents the equilibrium 
between solid and liquid water. This is OC. It is found by 
experiment that these curves meet in a point O. This is called the 
triple point, and is obviously the point where ioe, water and vapour 
can co-exist. Note that it is a point, showing that there is only one 
set of conditions under which it is possible for die three phases to 
exist together, as predicted by the Phase Rule. 
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The lines in this diagram represent the equilibrium conditions 
between two phases, and express the fact that one variable can be 
altered without losing a phase. Returning to the triple point, b is 
seen that once the conditions are moved away from that point, one 
phase disappears. Which one it is depends upon the direction in 
which we move away from the point. Anywhere along any of the 
lines, however, two phases are in equilibrium. In any of the areas 
bounded by the lines, one phase only is present. Thus in the area 
AOC liquid water only is the stable phase. In AOB water vapour 
only is the stable phase. If it were possible to have water at a 
temperature and pressure represented by the point D, it would be 
metastable, and once set off it would all turn into vapour. It is thus 
seen that in a diagram of this kind a point represents the existence 
of an invariant system, a line a univariant system and an area a 
bivariant system. Thus, provided we keep in the area AOB, we 
can have vapour at any temperature and pressure. By altering one 
of the variables we do not alter the number of phases. It is possible 
to supercool water, and thus to continue its vapour pressure curve 
to A ', but the dotted line represents a metastable state. 

The curve OA ends abruptly at a point, corresponding to the 
critical temperature (374° C.) and pressure (217-5 atm.) of water 
(§ 83), beyond which there can be no distinction of the gaseous and 
liquid phases. The curve OB will end at 0° Abs., and zero pressure, 
whilst no limit can be fixed to OC. 

The slope of the curve OC shows that ice melts with decrease of 
volume. This follows from the theorem of Le Chatelier (§ 166). 
According to this theorem, if the temperature is kept constant, and 
the pressure is increased, that change will take place which is 
accompanied by decrease in volume. The vertical line XYZ 
(Fig. 106) represents change of pressure at constant temperature. 
If the pressure is increased when the system is at the point Y, the 
temperature being kept constant, the new conditions are represented 
by Z, t.e., liquid has been formed. Hence, the melting of ice is 
accompanied by decrease in volume. Had the curve OC sloped the 
other way, Le Ghatelier’s theorem would have indicated an increase 
in volume on melting. 

The diagram for water shown in Fig. 106 is not drawn to scale. 
Actually, the pressure differences for temperatures in the neighbour- 
hood of the triple point 0 are minute. An accurate diagram for 
this part of the system is shown in Fig. 107, when the exaggeration 
in the scale of Fig. 106, just referred to, will be apparent. Also, the 
diagram (Fig. 106) has been very much simplified, no account being 
taken of the various forms of ice (no less than six), which exist at 
high pressures. o 
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175. The Sulphur System. — The vapour pressure curves of the 
allotropes of sulphur have already been considered in connection 
with the study of allotropy (§ 135). The system may now be 
studied a little more fully. There are two solid phases which may 
exist permanently at equilibrium under the right conditions, the 
rhombic and the monoclinic forms of the element ; also a liquid 
phase and a vapour phase. There are other solid phases capable 
of existence, but they are metastable, and are omitted from the 
present discussion. Liquid sulphur is probably colloidal in nature 



Temperature - C 

Fig. 107. — p-t Diagram for Water in the neighbourhood of the Triple Point. 

above about 160° C. (§ 139), and may therefore itself consist of two 
phases. This complication is also neglected in what follows. 
Consider now the four phases — rhombic, monoclinic, liquid sulphur, 
and sulphur vapour. Can all four exist in equilibrium ? In this 
case there would be four phases, one component, and substituting in 
the Phase Rule equation 

P + F = C + 2, 

we should get F =» — 1. This is, of course, impossible ; and so for 
a system consisting of a single component it is not possible to have 
four phases at equilibrium together. 

It will be possible to have three or any less number of phases 
together, for then the conditions are similar to those holding for the 
water system. Thus, the three phases, monoclinio, liquid and 
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vapour, could co-exist at a point, for the system would be invariant. 
The three phases, rhombic, liquid, and vapour, could theoretically 
exist together, but this can only occur in the metastable state. 
Two phases could exist along a line in the diagram, and one phase 
in an area. The vapour pressure-temperature curve is given in 
Fig. 108. 

OB is the vapour pressure curve of rhombic sulphur, OA the 



Fiq. 108. — p-t Diagram for the Sulphur System 
(not drawn to scale). 


vapour pressure curve of monoclinic sulphur, and AD that of the 
liquid. OC represents the equilibrium between monoclinic and 
rhombic sulphur, and is derived from the effect of pressure on the 
transition point. AC is the equilibrium curve between monoclinic 
sulphur and liquid sulphur, t.e., the effect of pressure on the melting 
point of monoclinic sulphur. It will be noticed from the diagram 
that the curve representing the equilibrium between rhombic and 
monoclinic sulphur, OC, slopes away from the vertical, to the right; 
as already stated, this line represents the effect of pressure on the 
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transition point between the two forms, and it is clear that the 
transition point is raised by the application of pressure. By the 
theorem of Le Chatelier (§ 156), it follows that monoclinic sulphur 
is formed from rhombic with increase in volume. The curve AC 
also slopes away from the pressure axis very slightly, and so 
transition from liquid to monoclinic sulphur is accompanied by 
decrease in volume. 

At the point 0 there are three phases in equilibrium— rhombic, 
monoclinic and vapour, and if one of the variables is altered one of 
the phases disappears. Similarly, A is also a triple point between 
monoclinic, vapour, and liquid. The same remarks apply as to 



Fra. 109. — p4 Diagram for Sulphur in the neighbourhood of the Triple Points. 

variation of one of the degrees of freedom. It is possible to super- 
cool liquid sulphur down to the point B', and it is also possible to 
beat rhombio sulphur above the transition point along OB'. This 
is because the change from the one form to the other is compara- 
tively slow. The line B'C represents the equilibrium between 
rhombio and liquid sulphur. The point B' is thus another triple 
point, but it is a metastable one, and is not frequently attained. 
The lines in the curve represent the equilibria between two phases ; 
the areas represent the existence of single substances, which can 
remain by themselves under any temperature and pressure enclosed 
by the area. Since the curves AC and OC meet at C, for which the 
conditions are 151° and 1,288 atmospheres, it follows that if liquid 
sulphur were cooled at a pressure higher than 1,288 atmospheres, 



TWO COMPONENT SYSTEMS Ml 

rhombic sulphur would crystallise at once, no monoelinic being 
formed. 

As with the water diagram, the scale of this curve is much 
exaggerated, and shows the area in the neighbourhood of the points 
0, A, etc., much enlarged compared with the rest of the diagram. 
An accurate diagram of the curves in the neighbourhood of 100° C. 
is given in Fig. 109. It should be pointed out that although the 
line OB has been drawn in Fig. 108 as though it had been followed 
experimentally throughout its entire length, the vapour pressure of 
rhombic sulphur is so low that the curve has not been followed 
below a temperature of 85° C., as indicated in Fig. 109. The reason 
for drawing the curve OB in Fig. 108 is to show the general shape 
of it. It would follow this course if the vapour pressure oould be 
measured. 

176. Systems of Two Components. — As an example of a system 
of two components, we may take a metallic alloy, say an alloy of 
zinc and cadmium. Pressure will not have very much effect on 
this equilibrium, so the two variables temperature and composition 
only need be considered. Pressure affects equilibria the more 
considerably, the greater the volume changes involved. The effect 
of pressure will therefore bo greatest in gaseous systems, and least 
in solid systems. If the number of components in a system is two, 
it is possible to have four phases in equilibrium, but the system 
would be invariant. Thus 

P + F = C + 2, 

gives, when P = 4 and C = 2, F = 0. 

Since the vapour pressures of solids are small, and experiments are 
usually done under atmospheric pressure, so that no gaseous phase 
exists, it is usual to call such a system as this a condensed system, 
and we can write a “ reduced ” phase rule 

P + F' - C + 1, 

the equation giving F\ the number of degrees of freedom which the 
system can possess in addition to the pressure. It must be remem- 
bered that an assumption has been introduced here, viz., that the 
external pressure is large compared with the vapour pressure of the 
components, and so the new “ reduced ” Phase Rule is only approxi- 
mate. 

The Phase Rule diagram for alloys such as those of zinc-cadmium 
is given in Fig. 110, In this case there is no compound formation, 
and no miscibility of the components in the solid state. The 
curve AC represents the freezing point curve of zinc to which 
successive small quantities of cadmium are added. The curve .Ml 
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is the freezing point curve of cadmium to which small quantities of 
zinc are added. C is the point at which solid zinc and solid cadmium 
are in equilibrium with the fused mass. At this point we have three 
phases, and therefore (using the reduced equation) no degrees of 
freedom. Hence, a point is found on the diagram corresponding to 
this condition. Along the line AC, pure zinc separates out, and is in 
equilibrium with the melt, so that here we have two phases only and 
therefore one degree of freedom, for which we should expect to have 
a line on the diagram. This is so. 

The point C is called the eutectic point. If we have a fused 
mixture rich in zinc, and cool it, zinc will begin to separate out, and 



Fio. 110. — Freezing Point Diagram for Zn-Cd Alloys (simplified). 

the composition of the residue will therefore be moved along the 
line AC until the eutectic point is reached, when the whole mass 
will crystallise Similar remarks apply when an alloy rich in 
cadmium is taken. The dotted lines in the diagram represent the 
boundary conditions between the separation of crystals of one of the 
metals and complete solidification of the mass. 

Strictly speaking, the curve given in Fig. 110 is not quite accurate. 
A simplification of the problem has been effected in the above 
treatment, which leads to a slight inaccuracy. The areas marked 
ACD and BCE, representing the conditions under which zinc and 
cadmium respectively separate from the liquid alloy, are two-phase, 
univariant areas (since we are dealing with a condensed system, and 
P -f JP C + 1). Univariant means here that if any one of the 
three variables, temperature, composition of solid phase, and oom- 
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position of the liquid phase, is fixed, then the other two are uniquely 
fixed, and cannot be varied without the disappearance of one of the 
phases. 

The diagram (Pig. 110), on the other hand, indicates that one and 
the same solid phase (viz., pure zinc or pure cadmium) can be in 
equilibrium with a continuous range of liquid compositions (all 
along AC or BC), i.e., fixing the composition of the solid phase does 
not, according to this diagram, fix the composition of the co-existing 
liquid phase. As shown in the previous paragraph, this is at 
variance with the Phase Rule. 

The strictly accurate diagram is shown in Fig. 112. Here the 
dotted lines represented the composition of the solid phase in 
equilibrium with the liquid at any given temperature. These lines 
deviate a little from the vertical, the 
latter representing, of course, pure metal. 

In actual fact, this deviation, though 
theoretically necessary, may be vanish- 
ingly small, and quite unimportant for 
practical purposes. 

An exactly similar case to this is the 
equilibrium between a salt and water. 

The eutectic point is here called the 
ciyohydric point, and this cose is dealt 
with in the next chapter (§ 212). 

Where two substances form a solid 
solution, the matter is quite different. 

At most there can only be two phases present, liquid and solid 
solution, and therefore, from the 14 reduced ” Phase Rule, 

P + F'*=C+ 1, 
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F' must always be at least 1. Hence there can be no eutectic point, 
as in the previous case. One type of equilibrium diagram is shown 
in Fig. 111. AXB is the curve indicating the equilibrium between 
liquid and the mixed crystals + liquid. It is the melting point 
curve. AYB represents the equilibrium between mixed crystals -f- 
liquid and solid, and is the freezing point curve. For a further 
discussion of this system, see § 219. 

There is one more possibility. One or more chemical compounds 
may be produced. *7hus, consider the case in which the two com- 
ponents of the system give rise to a chemical compound of definite 
composition. This substance will act just as if it were a foreign 
substance, and the freezing point curve will show two eutectics. An 
example is the alloy of magnesium and tin, which form a compound 
MgjSn. The Phase Rule diagram is given in Fig. 113. 
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The eutectic B is that at which the three phases Mg, Mg 2 Sn, and 
liquid, are present. The eutectic A is that at which Mg 2 Sn, Sn and 
liquid are present. Along BE pure magnesium will separate out, 
for it is the equilibrium curve between Mg and the liquid alloy. 
Along AD, and also DB, the pure compound will be deposited, and 
along CA pure tin. 

The point D is at the maximum of the curve ADB, and represents 
the composition of the pure compound. This follows from the fact 
that the addition of a second substance to a pure compound lowers 
the melting point of the latter. The addition of either magnesium 
or tin to the compound Mg^n will result in the lowering of its 




melting point. Hence, the maximum of the curve must represent 
the composition of the pure compound. 

The existence of a hump in the freezing point composition curve 
indicates the existence of a compound. The number of them gives 
the number of compounds that can be found. The curves repre- 
senting the equilibrium between salt hydrates and water (solubility 
curves) frequently show this behaviour. In the case of the ferric 
chloride-water system, there are no less than four humps in the 
solubility curve (Fig. 145, p. 448). 

The vapour pressure curves of salt hydrates are interesting 
examples of the application of the Phase Rule. If some hydrated 
copper sulphate pentahydrate, CuS0 4 , 5H 2 0 be placed in a tensi- 
meter (see p. 319), together with a little of the trihydrate, CuS0 4 , 
3H t O, the vapour pressure of the mixture is found to remain 
constant so long as there is any of the pentahydrate present, but as 
soon as all this has gone, the vapour pressure suddenly drops until it 
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xeaohes another constant level. It remains level here until all the 
trihydrate has been used up, and then there is another sudden drop. 
Again the vapour pressure remains constant until all the salt has 
been completely dehydrated. The temperature is supposed to 
remain constant during these changes. These facts are represented 
on the diagram (Fig. 114), and are capable of a very simple explana- 
tion on the basis of the Phase Rule. When the pentahydrate is 
being dehydrated, it is at first in the presence of some trihydrate. 
There are, therefore, two solid phases, and three altogether, for 
there is also the water vapour. There are only two components in 
this system. Hence by the Phase Rule, 

P + F = C + 2, 

P = 3, C — 2, and hence F = 1. The 
system is univariant, but as the tempera- 
ture is fixed, this one degree of freedom 
is removed. At constant temperature 
then the system is invariant. Hence, 
while there are two components, the 
vapour pressure must be constant. 

When all the pentahydrate has been 

converted into trihydrate, there is a 

sudden drop to the now dissociation ^ 

pressure (§ 160 ), and the same conditions mou. h/> uimaxuSQ, 

then apply. Treatment of this problem Fio. i 14. — Vapour Pressure 

by the Law of Maas Action gives the g™ 

same results (§ 160 ). peraturo. 

The phenomenon of efflorescence is 
closely bound up with this. The compounds CuS0 4 .5H 2 0 and 
CuS0 4 .3H 2 0 can only exist together at one definite pressure of 
water vapour. If the vapour pressure of water in the atmosphere 
exceeds this amount, then all the trihydrate goes into pentahy- 
drate ; if it is less than this the pentahydrate gradually becomes 
transformed into the trihydrate, losing water, in making the vapour 
pressure of water in the atmosphere in its neighbourhood equal to 
the dissociation pressure. This is the phenomenon of efflorescence, 
where a hydrated salt loses its water of crystallisation md falls to 
a powder of some lower hydrate or the anhydrous salt. 

The absorption of water by a salt, and the solution of tlie salt in 
the water absorbed is called deliquescence . A solid will deliquesce 
in moist air if the pressure of water vapour surrounding it is greater 
than the vapour pressure of its saturated solution. All salts would 
deliquesce if the vapour pressure of the water in the atmosphere 
were sufficiently great, but as it seldom exceeds 15 mm* ami there 
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are few salts with saturated solutions of vapour pressure lower than 
this, few salts actually do show this phenomenon. The vapour 
pressure of a saturated solution of calcium chloride is only 7*5 mm. 
at 20°, and so the salt is deliquescent. That of copper sulphate is 
16*0 mm., and so this salt rarely deliquesces. 

Many applications of the Phase Rule to two component systems 
are mentioned in Chapter X. 

177. Systems of Three Components. — As the number of com- 
ponents in a system is increased the consideration of it becomes 
more difficult. As examples of the systems which fall into this 
class there are systems consisting of water and two salts with a 
common ion, such as KBr + NaBr + H 2 0, NH 4 N0 8 + AgNO a + 
H 2 0, and NaCl -|- Na 2 CO s + H 2 0. " If new compounds are formed 

in a system of this type, they can only have a 
composition between that of two of the three 
components (double salts and hydrates), and 
thus any phase which may occur can have 
its composition expressed in terms of the three 
components. A system consisting of water 
and two salts without a common ion would 
not come into this class, since new phases 
might be produced by double decomposition, 
of which the composition could not be ex- 
pressed in terms of three of the components. 
This would be a four-component system. If 
water were absent, the two salts without a 
common ion would form a three-component 
system. Another example of a three-com- 
ponent system is the case of a salt and water where the salt 
undergoes hydrolysis, e.g. } bismuth nitrate. 

For a given number of coexisting phases, the number of degrees 
of freedom in a system of three components is one greater than in a 
system of two components. For three components, P + F = C + 
2 = 5. The maximum number of phases is, therefore, 5, when the 
system is invariant (F = 0) ; and the maximum number of degrees 
of freedom is 4, when P = 1 (one gaseous phase only). When F = 4 t 
the temperature, pressure and concentrations of two of the com- 
ponents in the single gaseous phase may be varied arbitrarily, within 
certain limits. 

178. Graphical Representation of Systems of Three Components. — 
It is not always possible to represent the data for a ternary system 
graphically. Very often, however, condensed systems are dealt 
with in which the pressure may be regarded as constant, and this 
amplifies matters a little. It is clear that if we have to .represent 
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Fig. 115. -Co- 
ordinates for 
Representation of 
a Three-compon- 
ent System. 
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the remaining three variables, temperature and two concentrations, 
in a diagram, it will have to be a space diagram. This can be done 
by representing the composition by triangular co-ordinates, and the 
temperature at right angles to the composition diagram. This is 
shown in Fig. 115. 

H the temperature is constant, the curve can be represented in a 
plane, being a section of the prism at the right temperature. Such 
diagrams are called isothermal diagrams , and the whole solid prism 
can be built up by the superposition of the isothermal diagrams. 
This is a good method for constructing the solid models which are 
required to follow these systems. 

The base of the prism is taken as an equilateral triangle. The 
composition of each pure component is represented by a vertex. 
The length of the side is divided into a hundred parts. The com- 
position of a ternary mixture is obtained by determining the 
distance of the point from a side measured parallel to the sides of 


the triangle. This method of representation is 
due to Roozeboom. To represent a mixture con- A 

sisting of a , b , and c per cent, of the com- / X 
ponents A, B, and C respectively, one side of / / \ 
the triangle is divided off into a hundred parts, / /x \ 

and a portion Bx is measured off to represent a J-\ ^ 

(Fig. 116). An amount Ay is now measured off Fj(j n6 
to represent 6. Then the remainder, xy , must be 
the amount of C, as altogether the compositions must add up to 100. 
Through x and y lines are drawn parallel to the sides of the triangle. 
The point of intersection Z, is the point representing the composi- 
tion of the ternary mixture. The distance of Z from the sides, 
measured along lines drawn parallel to the sides, obviously, from 
the geometry of the figure, gives the composition a, 6, and c. 

Other methods of representation have been adopted. That due 
to Gibbs represents the composition of the mixture by perpendicular 
distances of a point on the diagram from the sides. 

If it is necessary to show the effect of temperature, this can only 
be done with a solid model, the temperature axis being vertical. 

The use of triangular diagrams is shown in the study of the mutual 
solubility of three liquids, such as benzene, water, and acetic acid. 
This experiment is described on p. 403. 

If the compositions of two phases are represented by the points 
X and Y, within the triangle, then a point P on the line joining X 


and Y, represents a phase consisting of a mixture of X and Y in the 
proportions PY to PX (Fig. 117). It follows that if the point 
representing the composition of a phase Z (Fig. 118; is joined to the 
point A, representing the pure component A, then any point R on 
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this line represents a phase which is a mixture of A and Z in certain 
proportions (HZ : RA). This fact is ofteh employed in studying 
saturated solutions. If the point Z in Fig. 118, represents the 
composition of a saturated solution, and some of the solid remaining 
over at the bottom of the solution is removed and analysed whilst 
still moist with the mother liquor, its composition will be indicated 
by some point such as R. The line ZR produced will cut one of the 
sides at some point. This point represents the composition of the 
solid in equilibrium with the saturated solution. It is often one of 
the pure components, as in the diagram we have ohosen, but it need 
not be. In the latter case, the formation of a double-salt would be 
indicated. Lines such as ZR are called tie-lines . The analysis of a 
number of mixtures similar to the above give tie lines intersecting at 
the composition of the solid phase in equilibrium with the solution. 

As one of the simplest examples of the application of the above 
principles, the system ammonium sulphate — ammonium chloride — 



A • A ~C 

Fio. 117. Fro. 118. 


water, may be taken. It is a ternary system, since it iB made up of 
two salts with a common ion (the ammonium ion) and water. The 
object iB to discover whether any double-salt is formed between 
these two constituents. In the diagram (Fig. 119), A represents 
ammonium chloride, B ammonium sulphate, and C water, and it is 
drawn for a certain specified temperature, say 25° C. if a saturated 
solution of ammonium chloride is taken, its composition will be 
represented by a point P on AC. If, now, ammonium chloride is 
shaken up with ammonium sulphate solution, the composition of 
the saturated solution will be represented by a point, Q, inside the 
triangle, since it will now contain all three constituents. If the 
experiment is repeated with other solutions of ammonium sulphate 
of different concentrations, further points inside the triangle will be 
obtained, which all lie on the line PQR. If the damp solids as 
filtered from the various saturated solutions are analysed, and their 
compositions plotted on the triangle, it is found that the tie-lines 
intersect at A, showing that the solid in equilibrium with the 
solutions so far considered is ammonium chloride. If, now, a 
saturated solution of ammonium sulphate in water is analysed, its 
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composition may be represented by X, on BC. If ammonium 
sulphate is shaken up with ammonium chloride solution, and the 
saturated solution is analysed, its composition may be represented 
by a point Y. By repeating the work with ammonium chloride 
solutions of various concentrations, the curve RYX is obtained. 
Analysis of the damp solids in contact with the different saturated 
solutions, shows that their compositions may be represented by 
points on tie-lines joining the curve RYX to B, Thus the solid in 
equilibrium with the saturated solutions just considered is 
ammonium sulphate. If the tie-lines ending at R are drawn, it is 


a<nh 4 cu 



Fio. 1X0. — System NH,C1 — (NH 4 ),S0 1 — H,0 (The diagram is schematic 
only, and is not drawn to soale.) 

found that they cut the side AB at various points A, U, T, S, B, etc. 
This n iA«-n« that the solid in equilibrium with the saturated solution 
represented by R is variable in composition, over the whole range 
* NH 4 C1, y (NH t )jS0 4 . There is no double-salt formation. 

The interpretation of the diagram according to the Phase Rule 
may now be considered. There are three components— the two 
salts, and water at the point R, if both the salts are taken in sufficient 
quantity to saturate the solution. The number of phases is 
three— one liquid, and two solid. In a condensed system, 

P + F-C+l, 

he nce , in this case, f «■ 1. The diagram, however, is an isothermal 
one, so that temperature, the one re ma i n ing variable, is 
and the point on the diagram is invariant. It is called an 
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isothermally invariant point. It must be emphasised that in a 
three-dimensional model the point would not be invariant. The 
interpretation of this is, that at the temperature for which the 
diagram is drawn, the solution of composition R is the only one that 
can exist, in a stable state, in contact with both ammonium chloride 
and ammonium sulphate. If there is insufficient of one of these 
(say ammonium chloride) to saturate the solution, there are now 
only two phases — one liquid, and one solid (ammonium sulphate), 
whilst the number of components remains the same. ^The system 
is now actually bivariant, but, since temperature is fixed in the 
isothermal diagram, it is effectively univariant, as far as We are 



Fio. 120. — System NH 4 NO, — AgNO a — H a O (schematic only). 

concerned, and the equilibrium is now represented by the line RX. 
In the complete model, where temperature is represented by a 
vertical axis, the point R, and others like it, would lie on a line (the 
system being univariant), and the lines RP and RX would lie on 
surfaces (the system being bivariant). 

The above is a very simple case, in so far as there is no formation 
of a double-salt. In a system such as that of ammonium nitrate- 
silver nitrate-water, there is formation of a double-salt, the com- 
position of which may be obtained from the diagram. 

Let A (Fig. 120) represent water, B ammonium nitrate, and C 
silver nitrate. The point P represents a saturated solution of 
ammonium nitrate in water. If, now, ammonium nitrate is shaken 
up with a dilute solution of silver nitrate, the composition of the 
Obturated solution is now represented by Q. Repetition of the 
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experiment leads to points on the curve PQR. Analysis of the 
moist solids in contact with the various saturated solutions gives 
points on tie-lines connecting the curve PQR with B, showing that 
the solid in equilibrium with these solutions is ammonium nitrate. 
If, now, the addition of silver nitrate is continued, the composition 
of the saturated solution is now found to lie on the line RST. The 
compositions of the moist solids in contact with these saturated 
solutions are represented by points, such as W, X, Y, which when 
joined up with the points representing the compositions of the 
saturated, solutions themselves, and produced backwards, cut the 
BC axis at Z, which is found to correspond to the double-salt 



Fig. 121. — System Na 8 S 4 0, - Ag^Oa - H g O at 26° O. (After Bassett an<l 

Lemon.) 

NH 4 .Ag.(N0 3 ) 2 . This salt, then, is the substance in equilibrium 
with saturated solutions over the composition range RST. If a 
saturated solution of silver nitrate is taken, its composition is 
represented by V. If silver nitrate is shaken up with ammonium 
nitrate solution, saturated solutions, the compositions of which are 
represented by points on the line TUV, are obtained. The solid in 
equilibrium with these solutions is silver nitrate. The two points 
R and T are invariant in the isothermal diagram, but actually 
represent univariant systems, as previously explained. 

If the tie-lines happen to intersect at a point inside the triangle, 
the point of intersection still represents the composition of the solid 
in equilibrium with the saturated solution. This occurs when a 
hydrated double-salt is formed. 
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The triangular diagram may frequently be very complicated. As 
an example of the information that can be derived from these 
studies, the system Na^Os — Ag$ t O s — H 2 0 may be quoted. 
It has recently been investigated by Bassett and Lemon (J. C. S. t 
1933, 1423-1427), The student who wishes to carry his work 
further is recommended to consult the original paper. A very much 
simplified diagram only can be given here. The form of the 
diagram is shown in Fig. 121. 

The points A, B, C, I>, E, F, G are found to represent the following 
salts 

A. NaAg 3 (S 2 0j) 2 . HjO. 

B. NaAgS 2 0 3 . H 2 0. 

C. Na 5 Ag 8 (S 2 O a ) 4 . 2H 2 0. 

D. Na 3 Ag(S 2 0 2 ) 2 . H 2 0. 



All these salts are, therefore, capable of existence. In all cases, 
except the last, it is to be noted that the tie-lines intersect within 
the triangle, showing that the double-salts are hydrated. 

There are many other facts that can be derived from a study of 
these triangular diagrams, and the student who is interested should 
consult one of the monographs devoted to the Phase Rule (see 'list 
at end of chapter). 


SUMMARY 

The Phase Rule provides a means of studying heterogeneous 
equilibria. It states that, in a system at equilibrium, 

P + F =* 0 + 2, 

where P is the number of phases, F the number of degrees of freedom, 
and 0 the number of components. 

A phase is any part of a system which is homogeneous throughout, 
and is separated by a bounding surface from other homogeneous parts 
of the system. 

The number of components in a system is the smallest number of 
independently variable constituents, by means of which the composition 
of each phase participating in the state of equilibrium can be expressed 
in the form of a chemical equation. 

The number of degrees of freedom is the number of variable factors, 
temperature, pressure, and concentration of the components, which 
must be fixed in order that the condition of the system may be com- 
pletely defined. 

A system possessing no degrees of freedom is said to be invariant* 
one possessing one degree of freedom is univariant, etc. 



PRACTICAL WORK 


403 


SUGGESTIONS FOR PRACTICAL WORK 

Experiment 22. — To determine the transition point between rhombio 
and monoclinic sulphur* 

Although the experimental methods of determining transition point 
are giveh in Chapter VII., the actual work is best oarried out here, as 
it is a Phase Rule problem. 

The simplest method is the dilatoinetrio method, and the simple 
dilatometer described by Sherwood Taylor (” Elementary Practical 
Physical Chemistry,” p. 76) may be conveniently employed. It is 
made by connecting a test-tube with a fairly long capillary tube which 
has been bent at right angles as shown in the diagram. 

Boil some sulphurio acid (1 to 3) to free it from air. Powder some 
roll sulphur, and put it in the tube (about two-thirds of the tube should 
be full). Add soma of the sulphuric acid, and warm to get rid of air. 
Pour off most of the acid, and £1] with fresh “ boiled-out ” acid. Insert 
the cork and capillary tube and arrange that the thread of acid is at 
the zero of the scale, or there- 
abouts, when placed in some 
calcium chloride solution 
warmed to about 80° C. in a 
beaker. 

Warm the solution slowly 
on a sand bath, note the 
temperature at intervals, and 
the position of the thread of 
acid. When the transition 
takes place the expansion is 
greater. Plot the increase in 
volume per half degree rise in 
temperature and determino the 
transition point. (Theory, p. 316.) 

Experiment 23. — To determine the dissociation pressure of copper 
sulphate hydrates. 

Obtain a tensimeter and place in one of the bulbs, copper sulphate 
pentahydrate which has been allowed to stand for a short time in a 
desiccator. This ensures that a small amount of trihydrate will be 
present. Carry out the experiment as described on p. 317. 

Experiment 24. — To study the mutual solubility of benzene, water 
and acetic acid. 

Have two burettes, one filled with water, and the other with glacial 
acetic acid. Put 5 c.c. of benzene in a conical flask provided with a 
cork, add 1 c.c. of water, and run in glacial acetic acid until a clear 
solution is obtained on shaking. Note the volume required. This 
gives one composition for the mutual solubility. Add another 2 c.c. of 
water to the mixture, and then add more acetic acid until on shaking 
the solution is clear. Repeat with other concentrations. Plot the data 
on a triangular diagram. Since these experiments are carried out at 
constant temperature, the isothermal diagram is all that is required. 
(Theory, p. 396.) 

SUGGESTED FURTHER PRACTICAL WORK 

(1) Determine the freezing point curve for lead-tin alloys. (See 
Sherwood Taylor, “ Elementary Practical Physioal Chemistry,” p. 37 .) 
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(2) Repetition of the study of a system such as PbfNO,), — KNO t — 
NaNO, ( J . C. S. t 1932, 2586), or some other mentioned in the scientific 
literature. 


SUGGESTED FURTHER READING 

Findlay, A. “The Phase Rule and its Applications.” ( Longman. s, 
1927.) 

Rivistt, A. C. D. “ Phase Rule.” (Oxford University Press , 1923.) 
Rhodes, J. E. W. “ Phase Rule Studies.” (Oxford University Press , 
1933.) 


QUESTIONS 

(1) What do you understand by tho terms “ phase/* “ component/* 
“ degree of freedom/* “ equilibrium ** T What is tho Phase Rule ? 
Give one example of its application. 

(2) What is the explanation of efflorescence and deliquescence ? 

(3) What do you mean by a triple point ? What triple points are to 
be observed in the sulphur system ? 

(4) Draw a sketch and explain the principal features of the freezing 
point diagram for a mixture of two metals which do not form solid 
solutions. How is the diagram modified if a chemical compound is 
formed T 

(6) How may the Phase Rule be applied to a double salt and its 
solution in water ? What type of diagram would you expect ? 

(G\ From the diagram for sulphur given on p. 389, answer the follow- 
ing questions : (a) is monoclinic sulphur more dense than rhombic 
sulphur T (6) is rhombic sulphur more dense than liquid sulphur ? 
(c) is monoclinic sulphur more dense than liquid sulphur ? Give 
reasons. 



CHAPTER X 


SOLUTIONS 

179. Definition o! Solution . — A solution is a perfectly homogeneous 
mixture . 

Solutions of all kinds may be made. Thus, solutions of gases in 
gases, of gases in liquids, of gases in solids, of liquids in liquids, of 
solids in liquids, of solids in solids, can be prepared. Each of these 
classes presents numerous points of interest. 

A. SOLUTIONS OF GASES IN GASES 

180. Application of the Phase Rule. — All gases which do not 
combine chemically will mix in all proportions. If a drop of 
bromine is placed in a large flask, the bromine vapour rises, and fills 
the whole vessel. In spite of the fact that it is many times heavier 
than air, it forms a perfect solution with air, owing to the process of 
diffusion. 

A mixture of two gases is a system of two components, but with 
only one phase. Hence, according to the phase rule 

P+F=C+2 

F = 3. The system has three degrees of freedom. This means 
that the temperature, concentration, and pressure can all be varied 
over a limited range without the risk of any new phase appearing. 
It must be borne in mind however, that if these variations are made 
sufficiently large, there is a possibility of obtaining a new phase, for 
one of the gases may liquefy, if the pressure and temperature are 
altered in the right directions, and by sufficient amounts. 

181. Dalton’s Law of Partial Pressures.— The pressures of gases in 
solutions of gases in gases are measures of their concentrations. 
Indeed the usual method of measuring the concentration of a gas is 
by means of its pressure. A simple rule was put forward by Dalton 
in 1802 to express the pressure relationships in gaseous mixtures. 
It is known as Dalton’s Law of Partial Pressures, and states that 
the pressure exerted by a gaseous mixture is equal to the sum of the 
pressures which the constituents would exert if each occupied separately 
the volume of the mixture. 
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The pressure that each gas would exert by itself is called its 
partial pressure. 

This law, like all the other gas laws, is only true for perfect gases, 
and of course it only applies where there is no chemical combination 
between the gases. 

There is another way of stating the law. If the gases are perfect 
they will obey Boyle’s Law, and the volumes will be inversely 
proportional to the pressures. We can therefore state that — 
the volume occupied by a mixture of gases is equal to the sum of the 
volumes occupied by its constituents under the same conditions of 
temperature and pressure. 

This is sometimes known as the Law of Additive Volumes. 

182. Determination of the Partial Pressures of Gases in a Mixture. 

— To test Dalton’s Law all that would be 


necessary would be to mix two gases at 
known pressures and find the total 
pressure. If, however, we are already 
given a gaseous mixture and told to find 
the partial pressure of any gas in it, this 
is a more difficult matter. If a membrane 
can be found that will allow one gas to get 
through, and not the other, it is possible 

J to carry out this experiment. Heated 
palladium is permeable to hydrogen, but 
not to any other gas, and hence the follow- 
ing apparatus, devised by Ramsay, can be 
used for determining the partial pressure 
of hydrogen in any mixture. 

The palladium vessel, P, is capable of 
being heated, and is connected to a mano- 
Fio. 123.— Experiment meter. A mixture of, say, hydrogen and 
t0 lU Pr^u^es. Partial nitrogen, of which the partial pressures 
are required, is placed in the bulb, 
and a stream of hydrogen is passed through the'-outer vessel, at 
atmospheric pressure. When the palladium bulb is heated, it 
becomes permeable to hydrogen, and the pressure of hydrogen 
becomes the same inside and outside the vessel, i.e., equal to one 
atmosphere. The pressure indicated by the manometer will, 
however, be greater than one atmosphere, by the partial pressure of 
the nitrogen inside. By taking the reading of the manometer the 
partial pressure of the nitrogen can be obtained, and if the original 
pressure of the mixture were known, the partial pressure of the 
hydrogen originally present could be found by difference. 

This experiment in itself is not of great importance, but it illus- 
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trates a method of determining partial pressures, and is very similar 
to experiments on osmosis in which a semi-permeable membrane is 
used (p. 467). 

An experiment to determine the partial pressure of oxygen in air 
may be carried out with the apparatus described below. 

The vessel A, which has a capacity of about 100 c.c., is fitted with 
a spiral of iron wire which can be heated electrically. It is con- 
nected by means of the two-way tap C with a manometer, B. The 
vessel A is first exhausted by connecting the tube D to a pump and 
turning the tap C. Pure dry air is then allowed to pass into the 
bulb, which is cooled in a freezing mixture to 0° C. The tap is then 
turned so that the manometer is connected to the bulb, and the 
mercury is brought up to the mark, by raising the other limb of the 
manometer. The pressure of the gas is noted. The closed limb is 
now lowered, and the iron spiral heated. The iron combines with 
the oxygen, forming ferroso-ferric 
oxide. After a time, the current 
is stopped, the air in the vessel 
again brought to 0° C., and the 
mercury brought back to the 
mark. The difference in pressure 
is noted. If the initial pressure 
was P, and the final pressure, p, 
the partial pressure of the oxygen 
was P — - p. 

Where possible, it is very much 
easier to make use of the Law of 
Additive Volumes and calculate from that the partial pressure of 
any gas in a mixture. Thus, if a mixture of carbon dioxide and 
nitrogen is given, the carbon dioxide may be absorbed with caustic 
potash, and the decrease in volume noted. 

183. Solubility of Vapours in Bases.— When a liquid A is very 
soluble in a liquid B, it is always found that B is very soluble 
in A. It is of interest to know whether a gaseous system of two 
components shows a similar mutual solubility between the com* 
ponents in each phase. Ammonia is very soluble in water. Will it 
attract water into the vapour phase ? There is obviously an 
attraction between ammonia and water in the liquid state. Is 
there also an attraction between the two substances in the gaseous 

state ? . 

There is no record of a liquid being more volatile in the presence 
of a gas than when it exists alone. If such a change in volatility 
could be found, the problem would be solved. There is, however, 
an obvious solution to the question. If the pressures of the two 



Fig. 124. — Apparatus for finding 
Partial Pressure of Oxygen in Air. 
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gases are determined before mixing', and again after mixing, accord- 
ing to Dalton's Law, the latter pressure should be equal to the 
total of the initial pressures. If the final pressure is less than the 
sum of the oiiginal pressures, it may be concluded that there is some 
attraction between the molecules. 

MacFarlane and Wright (J. C. S ., 1934, 207) investigated in this 
way the attraction under ordinary conditions of temperature and 
pressure, between the vapours of methyl alcohol, ether, acetone or 
chloroform, and the gases carbon dioxide, ammonia, sulphur 
dioxide, or hydrogen chloride. It was found that these gases show 
considerable attraction for the vapours of the liquids in which they * 
are soluble, though no quantitative relationship between the 
attraction and solubility could be deduced. 


B. SOLUTIONS OF GASES IN LIQUIDS 

184, Definitions. — All gases are soluble to a greater or less extent 
in water. Those gases which are very soluble are invariably those 
which form compounds with water, e.g ., ammonia, or dissolve to 
give ions, e.g ., hydrogen chloride. 

Several definitions of the solubility of gases in liquids have been 
proposed. If the volume of gas dissolved in 1 c.c. of liquid is 
expressed at the pressure and temperature of the experiment, the 
figure obtained is called the solubility . 

The absorption coefficient is the volume of gas in c.c.s measured 
at 0° C. and 760 mm. which dissolves in 1 c.c. of water. 

The absorption coefficients of gases differ very much. A table 
showing the absorption coefficients of a number of common gases in 
water is shown below : — 


Table LXVII 


Gab. 


Absorption Coefficient, 
at 0* C. 


Ammonia 

1,300 

Hydrogen chloride 

506 

Sulphur dioxide 

79-8 

Hydrogen Sulphide 

4-68 

Carbon dioxide 

1*713 

Ethylene 

0-25 

Oxygen . 

0-049 

Nitrogen 

0-024 
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185. Determination of the Solubility of a Gas in a Liquid.— Several 
methods are available for determining the solubility of a gas, 
depending largely upon the nature of the gas ; but one method of 
general applicability is that devised by Ostwald, using the absorptio- 
meter. 


The apparatus consists of two parts, an ordinary gas burette, G, 
and a gas pipette, C. The taps T 
and B are three-way taps, that at ga* 


R, one-way. The end of the gas 
pipette is dipped into air-free 
water, the tap turned, and the 
pressure so adjusted by means of 
the burette that the vessel C be- 
comes completely filled with water. 
The taps R and B are now closed, 
the pipette is removed from the 
water, and then the volume of 
water it contains is measured by 
running off into a measuring 
cylinder. Thi,s gives (the volume 
of the vessel, which volume may 
be called v v Now the pipette is 
filled with water as before. The 
tap T is turned, to put G into 
communication with B and F, 
keeping the tap B closed. By 
raising H, the mercury is made to 
fill G up to T. Now a source of the 
gas of which the solubility is re- 
quired is connected to F. By 
opening T, connect F and B, but 
not G, and by opening B connect 
A and P, but not C. Gas now 
flows from F to B and out at P. 



Now shut B, and by the tap T con- 
nect G and A, and by lowering H 


Fig. 125.- - Ostwald Absorptfo* 
metor. 


fill G with gas. Keeping B closed, 

connect A and G, but not F, and allow to stand for about twenty 


minutes. It is advisable to have the tube A made of metal (lead 


or copper), as rubber is permeable to many gases, and also undergoes 
volume changes on twisting, etc. It is usually coiled into a spiral 
to facilitate shaking. Adjust H, and read the level of the mercury 
in G. This can be called h v Let the height of the barometer be p, 
and the absolute temperature of the pipette and burette be T*. 
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Now put a measuring cylinder under C, and allow B and A to 
. be connected, but not F, collecting the water that runs out when R 
is opened. If this volume is v t c.c., the volume remaining is 

v i 

B is now shut and the absorption vessel is shaL©n. B is opened 
and the burette reading taken. This process is repeated until a 
constant reading is obtained. Let this be h t . The volume of gas 
absorbed is h x — \ — v 8 . The volume of liquid is v x — v 2 c.c. 
The volume must be corrected to N.T.P. to obtain the absorption 
coefficient as defined above. 

In this experiment it is absolutely necessary to keep the tern* 
perature of the absorption pipette constant. A slight variation 
may make a considerable difference to the result. It is therefore 
advisable to keep it in a constant temperature bath, which may or 
may not be at a different temperature from the gas in the burette. 
This temperature difference will have to be taken into account in the 
calculation of the result. 

The absorptiometer is not a sufficiently accurate piece of apparatus 
for the determination of the solubility of a very soluble gas, where 
very small quantities of solvent would have to be used to absorb 
the gas contained in so small a vessel as is there available. For this 
purpose, an entirely different method is used, due originally to 
Roscoe and Bunsen. 

A bulb of the shape shown in Fig. 126 is blown from thin glass, 
and bent as shown. The bulb should have a capacity of from 
30-60 c.c. It is first weighed empty, and then it is about two- 
thirds filled with the solvent to be used. It is then connected to a 
source of the gas, the solubility of which is required, and the gas, 
after drying, is passed through the solvent until saturated, the bulb 
being kept in a constant temperature bath. The ends of the vessel 
are then held in a blowpipe, or Bunsen flame, and drawn off, the 
pieces removed being preserved. The apparatus, together with the 
pieces drawn off, is then weighed. The difference between the 
original weight of the dry bulb and the final weighing gives the 
weight of the saturated solution. It is now necessary to determine 
how much gas has been dissolved. The procedure depends upon 
the nature of the gas. Most very soluble gases axe either acidio or 
basic.. If the gas is basic, e.gr., ammonia, the vessel containing the 
saturated solution is placed in a dish containing a known volume of 
standard sulphuric acid, and is then broken by means of a glass rod. 
The ammonia solution neutralises some of the acid, which is then 
titrated with standard base. From the amount of acid used up by 
the ammonia, the quantity of ammonia present can be calculated, 
and hence its solubility. Similarly, if hydrogen chloride were the 
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gas under observation, the bulb would be broken under standard 
base, and the amount of base left over would be determined by 
standard acid. Or, the vessel could be broken under water, and the 
hydrogen chloride directly determined. 

In veiy accurate work it would be necessary to make corrections 
for the weight of air displaced by the gas, and the weight of moist 
vapour filling the spaces in the bulb. 

186. Nature of a Gas and its Solubility. — It has already been 
mentioned that the solubilities of gases vary enormously according 
1o the nature of the gas and the solvent. Gases which give acidic 
or basio solutions, t.e., solutions in which ions are formed, are much 
more soluble than others. Thus, we may compare the solubility of 
oxygen, which has an absorption coefficient 
of 0*049, with that of hydrogen chloride, 
of which the absorption coefficient is 506. 

It is a remarkable fact that those gases 
which are easily liquefied are the more 
soluble in the usual solvents. This probably 
indicates miscibility of the liquefied gas 
with water. To illustrate this, it may be 
noted that alcohol vapour is soluble in 
water at 90° C., and the liquid alcohol itself 
is completely miscible with water. 

The nature of the solvent is also import- 
ant in deciding solubility. Thus, we may 
compare the solubilities of carbon monoxide 
and of nitrogen in various solvents. This 
was done by Just in 1901 , and Table LXVIII 
embodies bis results. It will be noted 
that the ratio of the solubilities remains 
practically constant, so that the solubilities increase or decrease 
to about the same extent in the different solvents. 

These remarks, of course, would not apply to gases which dissolve 
in some solvents with compound formation, and in others without 
compound formation, e.gr., ammonia, which dissolves in water to 
form ammonium hydroxide, but in benzene without compound 
formation. 

Work has been done on the connection between the compressi- 
bility of the solvent and the solubility of a gas in it. When gases 
dissolve, the solution usually occupies a greater volume than the 
original solvent, so that the solvent has to expand. It will do this 
against its compressibility, and so the tendency of the gas to dissolve 
is counterbalanced by the resistance of the solvent to expand. 
Experiments have shown that there is rough proportion- 
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Table LX VIII 1 


Solvent. 

Solubilities 
(25° C.). 

Ratio 
sol. CO 
sol. iV, 


CO. 

Water . 


* 

■VRH| 

0 0240 

1-47 

Aniline 


• 

1 

00536 

1-76 

Carbon disulphide . 


a 


0 0831 

1-42 

Nitrobenzene 



0-0620 

0-0937 

1-50 

Benzene 



0*1 16 

0-171 

1-47 

Glacial acetic acid . 



0-119 

0-171 

1-44 

Toluene 



0-123 

0-181 

■ 1-47 


ality between solubility of the gas and compressibility of the 
solvent. 

187. Solutions of Gases in Salt Solutions. — Gases are usually less 
soluble in salt solutions than in pure water. Carbon dioxide, how- 
ever, is more soluble in a solution of sodium phosphate, and in a 
solution of sodium chloride, than it is in water. 

Indifferent gases, such as hydrogen, oxygen and nitrogen, are 
always less soluble in salt solutions, and solutions of some organic 
substances, than in water, the amount of diminution being the same 
for all gases for a given salt concentration. It is thought that the 
salt may combine with some of the water, forming a hydrate, and 
that this water is no longer available for the solution of the gas. If 
this is so, it should be possible to obtain valuable data as to the 
existence of hydrates, or of hydrated ions (p. 529), in solution from a 


Table LXTX 


Cane-sugar. 

Per cent. 

Vol. of N, absorbed at 16* C. 
by 1,000 gins. H,0 in the 
Rotation. 

MoIb. H,0 per mol. c-ugar 

0 

18-83 c.c. 


16-67 

17-55 „ 

6-5 

30-08 

10-27 „ 

6-0 

47-65 

13-95 

5-4 


1 Taken from J. Newton Friend’s “Physical Chemistry/* Vol. I. (Griffin). 
The data for several other tables in this ohaptor have been taken from the 
seme source. 
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study of the solubility of a gas in an aqueous solution. This has 
been done in the case of cane-sugar by Philip (1907). The solubility 
of hydrogen in cane-sugar solutions of various strengths was deter- 
mined, From the decrease the degree of hydration of the cane- 
sugar was obtained. 

To indicate the method of calculation, the solution containing 
30*08 per cent, of cane-sugar may bo taken. This absorbs 16*27 c.o. 
of hydrogen per 1,000 gms. of water. Bui pure water will absorb 
18*83 c.o. of hydrogen per 1,000 gms. at the temperature used. 
Hence, the decrease is 2*56 c.c. The fraction of the total quantity 
of water attached to the sugar must be 2*56/18*83, and hence the 
number of water molecules attached 
to one molecule of cano-sugar is 

2*56 X 69*92 X 342 

18*83 X 30*08 x 18 ^ t> 0 °* 

This evidence alone, of course, 
would be insufficient to enable us .£» 
to assume that a definite hydrate 
of cane-sugar of the formula 
C„HA • ®H 2 0 existed in solution, 
especially when it is noted that 
the molecular hydration decreases 
as the concentration of the solution ~ 

increases. Fio. 127. — Solubility of Sulphur 

mi i I.,.. . , v j* Dioxide in Sulphuric Acid, 

The solubility of sulphur dioxide 1 

in solutions of Bulphuric acid in water gives an indication of the 
existence of a hydrate of the formula . HoO, which is interest- 

ing because so many other properties of the aqueous solution of 
the acid show marked changes at this composition. Viscosity, 
density, optical properties, capillarity, specific heat and conductivity 
all show abrupt changes at a concentration 84*5 per cent, acid, 
15*5 per cent, water, which corresponds to the monohydrate. If 
the solubility of sulphur dioxide in aqueous solutions of the acid is 
plotted against concentration of acid, a curve is obtained similar to 
that shown in Fig. 127. 

Assuming that a solution of sulphuric acid in water consists of a 
mixture of the monohydrate and of water, the sulphur dioxide has 
the opportunity to dissolve in both of them. The solubility in an 
acid of the concentration required to give the pure monohydrate is 
2*8 gms. of sulphur dioxide in 100 gms. of solution. From this, the 
solubility of the gas in acid of any strength can be calculated. Thus, 
the solubility of sulphur dioxide in sulphuric acid of strength 
74*1 per cent, may be calculated. This will correspond to (100 X 
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74*l)/84-5 =« 87-68 per cent. H 2 S0 4 .H 2 0. The free water present 
will then be 100 — 87-68 = 12-32 per cent. Now, the solubility of 
sulphur dioxide in pure water is known to be 10 gms. per 100 gms. 
of Water. Hence, the 12*32 gms. of water will dissolve 1*232 gms. 
of the gas, and the sulphuric acid monohydrate will dissolve (87-68 X 
2-8)/100 = 2-456 gms., making a total of 3-687 gms. The observed 
value was 3-63 gms. The following table gives the results for other 
concentrations, and the general agreement between the observed 
and calculated results gives support to the assumption made above, 
viz., that aqueous solutions of sulphuric acid contain the mono- 
hydrate, and are, in fact, solutions of the monohydrate in water, 
and that the gas dissolves in both parts of the solution, the effect 
being additive. 


Table LXX. — Solubility of Sulphur Dioxide in Aqueous 
Solutions of Sulphuric Acid. (Miles and Fenton.) 


h,so 4 % . . 

84-2 

82-5 

80-2 

78 3 

741 

68-9 

61-6 

59-8 

Sol. (calc.) . 

2-83 

2-97 

311 

3-33 

3-69 

413 

4-76 

4*92 

Sol. (oba.) . 

2-88 

2-99 

312 

3-23 

3*63 



4-90 


188. Effect of Temperature on Solubility. — When gases dissolve, 
there is usually an evolution of heat. On the basis of Le Chatelier’s 
theorem (§ 138) it would therefore be expected that they would be 
less soluble at higher temperatures, and this is found to be the case. 
All gases except hydrogen and the inert gases, which have minima 
in their solubility curves, are less soluble as the temperature is 
increased. This is in marked distinction from solids, of which the 
reverse is usually, but not always, true. Solids usually dissolve 
with absorption of heat, and hence they are more soluble at higher 
temperatures. 

When a solution of a gas is heated, the gas is usually expelled. If 
the gas obeys Henry's Law (§ 189), it should all be expelled at the 
boiling point of the liquid, if an open vessel is used. But it is 
extremely difficult to get rid of the last traces of a gas dissolved in 
water. Even after prolonged boiling water will contain traces 
of air. 

Certain gases cannot be expelled when their solution is boiled, 
for they form constant boiling mixtures. An example of this is 
hydrogen chloride. If a dilute solution of this gas in water is boiled 
vapour richer in water will be given off first, until the solution 
remaining in the v#w tmi has macned a certain strength (20*24 per 
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cent, at 760 mm.), when it will distil over as a whole, just as if it 
were a definite compound. The temperature at which this occurs is 
110 ° C., when the pressure is 760 mm. If the acid solution which 
is heated is more concentrated than this to start with, vapour richer 
in acid will be given off first until there remains a liquid of the 
above composition, which will then distil unchanged. The fact that 
the composition of the constant boiling mixture varies with the 
external pressure applied indicates that it is not a definite com- 
pound, although for some time this view was held, especially as the 
composition of the mixture worked out almost exactly in agreement 
with the formula HC1.10H 2 0. 

The other halogen acids, and some other gases, femi constant 
boiling mixtures which will be further discussed in connection with 
distillation (p. 434). 

189. Henry’s Law. — In the case of a solution of a gas in a liquid, 
we have present two phases — gas and solution. There are also two 
components — gas and solvent ; so that, according to the Phase Rule, 

P + F = C + 2, 

2 + F - 2 + 2 , 

F •-= 2 . 

The system is therefore bivariant. Thus, if the temperature is 
fixed, both pressure of gas and composition of solution can vary. 
If the composition is fixed, pressure and temperature may be varied. 

The connection between the pressure and composition of the 
solution is the most advantageous to study. This relationship was 
first noticed by Henry (1803), and was embodied in Henry’s Law, 
which states that the mass of gas dissolved by a given volume of liquid 
at constant temperature is proportional to the pressure of the gas. 
Stated algebraically 



where m is the mass of gas dissolved and p the pressure. 

If we wish to deal with the volume of gas absorbed instead of the 
mass, this can easily bo done by making use of the fact that the 
mass of a gas is proportional to its volume, by Avogadro’s hypothesis, 
and is also proportional to the pressure, by Boyle’s Law. Thus 
m = pvK\ Substituting in (1) we have 



$.c., H he volume of gas absorbed is independent of the pressure . 

There is another form in which the law may be stated. Suppose 
the mass of gas absorbed in unit volume of the liquid is considered 
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Then the numerator of (1) will be the concentration of the gas in the 
solution, which may be called C v Now, the pressure of the gas is 
only another way of stating its concentration, so that instead of 
writing pressure p, we can write concentration G v and so we have 



the concentrations of any single molecular species in two phases in 
equilibrium bear a constant ratio to each other at constant temperature . 
This is the generalised expression of Henry’s Law. 

A qualitative statement of Henry’s Law can be derived from 
considerations of Le Chatelier’s theorem (§ 138). According to this 
theorem, any system at equilibrium, when subjected to any con- 
straint, will shift its equilibrium in such a way as to tend to annul 
the constraint. When we have a solution of a gas in equilibrium 
with the gas itself, if increased pressure is placed upon the gas, its 
volume would tend to get smaller ; this would be aided by solution 
in the solvent, and hence the constraint would be annulled. Hence, 
the gas will be more soluble as the pressure is increased. 

The law follows qualitatively also from considerations of the 
kinetic theory. If, again, a solution of a gas in some solvent is in 
equilibrium with the gas itself, and then additional pressure is 
applied to the gas, the result will be to increase the number of 
molecules hitting the surface of the solvent in unit time, and hence 
to increase the solubility. 

Dalton showed that, in the case of a mixture of gases, Henry’s 
Law applied separately to each gas, and that the pressure to be 
taken into account was the partial pressure of the gas in question, 
and not the total pressure. 

This is illustrated in the case of air. Here we are dealing with a 
mixture of two gases (for simplicity), but the matter is complicated 
since the solubilities of the two gases are different. The partial 
pressures of oxygen and nitrogen in the air are in the ratio 1 : 4, but 
the solubility of oxygen is greater than that of nitrogen, so that the 
gas expelled from water on boiling, or on reducing the pressure, is 
relatively richer in oxygen than the original air was. If this gas is 
redissolved in water, and then boiled out again, it will be still richer 
in oxygen, and at one time it was proposed to make oxygen from 
the air in this way on the commercial scale. After eight absorptions, 
a gas containing almost 98 per cent, oxygen could be obtained. 

That Henry’s Law holds for other solvents besides water, pro- 
viding physical solution only takes place, has been shown by 
numerous observers. Thus, the solution of hydrogen sulphide in 
aniline has been shown to obey the law closely (Bancroft and Belden, 
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J. Physical Chem. t 1930, 34, 2123). This indicates that there is no 
compound formation in this cose. 

190. Experimental Verification of Henry’s Law.— In the laboratory 
the law can easily be verified by the use of the ordinary apparatus 
for determining the solubility of a gas in a liquid. On altering the 
pressure, the volume of gas absorbed should remain constant. 

The law has been verified by many investigators, one of the most 
recent determinations being that of Morgan and Richardson (1930 ) 1 
who used oxygen. The following are some of the results 


Table LXXI. — Solubility of Oxygen in Wateb at differibnt 

Pressures 


Pressure, p. 

Oms. 

Maas of gu* dissolved in 

1 litre of water, m. 

Gins. 

nip . 


■ 

0 0005369 

61 0 


00005328 

41-4 

■ 

00005314 



00005333 

17-5 

0 0095 

00005429 


The above determinations were made at 25° C. If Henry's Law 
is true, the values given in the last column of the table should be 
constant. This is so, within the limits of experimental error. It 
has been shown by many others that the law holds when there is 
physical solution ; but, when there is compound formation, associa- 
tion or dissociation, the law must be modified. It should be 
pointed out, however, that deviations from the law are encountered 
even with physical solution. It has recently been shown that the 
nature of the deviations depends not only upon the gas, but also 
upon the solvent. The solubility of argon, for example, in water, 
methyl and ethyl alcohols, pentane and other organic liquids, 
shows deviations from Henry’s Law which %re negative for water 
and positive for the aloohols. Such deviations cannot be accounted 
for by the imperfect nature of the gases. Like Boyle's Law, 
Henry's Law can only be true for ideal gases, and ideal solutions 
(i.e., those in which there is no compound formation), but in tbe 
examples now considered deviations due to the non-ideal nature of 
the solution are insufficient in magnitude to account for the 
differences observed. 

1 For an account of the accurate determination of gaseous solubility, see 
the papers by Morgan sad eo-workars on the solubility of oxygon in various 
solvents in / Physical Ohcm^ 1SS0, R I§7«, ISIS, SOO, ““ 
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191. Deviations from Henry’s Law. 1 — There are three ways in 
which solution can take place, in addition to ordinary physical 
solution. There may be compound formation between the solvent 
and the gas ; there may be association of the gas into more complex 
molecules ; or there may be electrolytic or other dissociation of the 
substance (§ 251). Sometimes more than one of these possibilities 
is met with for the same solution. 

Now the guiding principle to be borne in mind throughout this 
work is that Henry’s Law only holds when the same molecular 
species is considered in the two phases. Even though solution does 
take place in an abnormal fashion according to one or more of the 
above methods, we can still apply Henry’s Law if we consider the 
molecular species present that are identical. 

(1) Compound Formation . — The equilibria are represented by 
X X + nS X . n$. 

Q as phase. Liquid phase. 

Actually in the solution there will be an equilibrium between the 
compound and the solvent and gas. This will be governed by the 
Law of Mass Action (§ 153). 


Let C x = concentration of gas molecules in the gaseous phase, 
C t = concentration of gas molecules in the liquid phase, 
C 8 = concentration of solvent molecules, 

C t = concentration of compound molecules. 

By Henry’s Law 



a) 


By the Law of Mass Action 


C. x C 


3 _ 


= *« 


( 2 ) 


C t * 

Now C t will be very large, and can be written as a constant. Hence, 



( 3 ) 


Inverting this equation, we have, 

£*- 1 

C t ~K , 

. 1 4 1 

*' cl 

•* *° m (1) cttV, " r+r, - • • < • * w 

1 This paragraph requires a knowledge of several points dealt with later m 
the book, and is (wet postponed until a second reading. 
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t.e. f the ratio of concentration of molecules in the gas phase to the 
total concentration of gas molecules, both free and compound, in 
the liquid phase is constant. This latter is the concentration of gas 
in the liquid phase as determined by analysis, and so, if Henry's 
Law is applied to this system in the usual way, it will give an answer 
which is apparently correct. It is to be noted, however, that the 
constant obtained will have a different value from that which would 
be obtained if the law were applied to the true gas molecules which 
are dissolved, but this is the only difference. An example of a gas 
which follows this equation is carbon dioxide. The amount of 
electrolytic dissociation occurring here is so small as to be negligible. 

Table LXXH. — Application of Henry’s Law to the System 
Carbon Dioxide-Water 


Tamp., *0. 

Pressure of Oas, p. 
Metres of Hg. 

Wt. of Gas dissolved, m. 
Urns. 

K, - mlp. 

19-9 

0-7255 

38-61 

62-49 


0-5245 

27-24 

61-94 


0-5237 

27-08 • 

61-71 


0-5231 

27-28 

52-13 

3-2 

0-5244 

31-41 

58-53 


0-6467 

38-66 

59-78 


0-6470 

38-49 

69-48 


If. however, the compound formation is accompanied by dissocia- 
tion, the case is quite different. 

(2) Dissociation . — The equilibria now present are 
17^17^1+ + Y~. 

Gas phase. Liquid phase. 

Let a be the degree of dissociation, and the above symbols still 
retain the same significance, and let C be the total concentration in 
the liquid phase. 

Henry’s Law states, 



The Law of Maas Action states 


(Cfc) a 
<7(1 -«) 




<*) 






Hence, 


-2T.± vT 1 « + 4r,5 
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The negative value of the quantity under the square root sign is 
inadmissible. 


p Ci Ci 2 Ci 

' C, ~ (7(1 — — 2C + JT 2 — 


»/ /x 


. ( 4 ) 


If this is to be tested experimentally, it is necessary to know the 
equilibrium constant K 2 . C t and C are obtained by analysis. This 
theory has been tested experimentally in the case of ammonia gas 
dissolved in water. Here the equilibria are 

NH 3 ^NH 3 + H 2 0 ^ NH 4 OH ^ NH 4 + + OH- 
but the formation of the compound, NH 4 OH, has no effect on 
the form of the equations, making a difference only in the numerical 
value of the constant. There is satisfactory agreement. Some of 
the results are shown in the accompanying table, due to Calingaert 
and Huggins (1923). 


Table LXX1I1. — The System Ammonia- Water at 100° C. 


c. 


1 —CL 



1-256 

12-92 

0-987 

131 

0-633 

12-67 

0-981 

12-9 

0-148 

12-13 

0-963 

12-6 

0-0386 

12-06 

0-926 

13-0 

0-0107 

11-53 

0-864 

13-3 


The case of association can be treated in an exactly similar 
manner. The whole question of deviations from Henry’s Law has 
received much attention, and it is clear that, like the other gas laws, 
it oan only be applied to what have been called ideal gases. 

Where the degree of dissociation is large, the calculation can be 
simplified. If the concentration of single molecules in the gaseous 
phase is C l9 and that in the liquid phase is C t9 C X IG % = K, Now 
suppose that dissociation takes place into two individuals. If C 9 is 
the concentration of each new species, by the Law of Mass Action, 
C 2 = JK , 1 C 8 *. Hence, the concentration of the single molecules, 
assuming dissociation to be large, will be proportional to the square 
of the concentration of the new species, which in this case is the 
quantity measured. Hence, 
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In the case of association, let the concentration in the gas phase 
be C l9 whilst the concentration in the second phase is C t ; and let n 
be the number of simple molecules in the associated complex. If 
the concentrations of single and associated molecules in the liquid 
phase are a and a respectively, then by the Law of Mass Action 

8* = Ka> or = C. The concentration of single molecules in 

ya 

the liquid phase is thus proportional to the nth root of the concen- 
tration of the complex molecules, which is actually measured! and 
Henry's Law takes the form, 

ya 

C. SOLUTIONS OP GASES IN SOLIDS 

192. Types of Solution. — Gases are frequently taken up by solids, 
e.g. 9 palladium takes up hydrogen, and charcoal absorbs many 
gases. 

There are four ways in which this may ocpur. Strictly speaking, 
it is not correct to term all these different wayB solutions, but it will 
be better for our purpose if they are all considered here. 

In the first place, a gas may dissolve in a solid to give a perfectly 
homogeneous solution in which there has been no alteration in the 
constitution or composition of the gas at all. This is a case of true 
solution, and the laws which govern this phenomenon are similar to 
those which govern the solution of gases in liquids. 

Secondly, two or more solid solutions may be formed, and these 
may be only partially miscible, or completely immiscible, with each 
other. 

Thirdly, a chemical compound may be formed between the gas 
and the solid. 

Finally, the gas may be adsorbed by the solid. By the term 
“ adsorption ” we mean taking up on the surface only. When a gas is 
adsorbed by a solid it forms only a surfaoe layer. It is true that 
t.hia is usually accompanied by a slow diffusion of the gas to the 
interior of the metal, but at first the gas is concentrated at the 
surface. Adsorption is an extremely important phenomenon and 
comes into play not only here, but also in the solution of solids in 
liquids, and in other cases. It largely explains the catalytic activity 
of powdered and finely divided metals, as will be explained in a later 
section (§352). 

To decide in which of these four wayB a gas has been taken up by 
a solid, the Phase Rule will be found especially useful. 
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193. True Solution. — In the case of a gas dissolving in a solid to % 
form a true solution, Henry’s Law will apply. As in the considera- 
tion of the solution of gases in liquids, the number of phases is two, 
and the components two. Hence, the number of degrees of freedom 
is also two. If the temperature is kept constant, both composition 
of the solution and the pressure can be altered, but one will depend 
upon the other. The concentration ( C ) and pressure (P) will be. 
related by the equation 



If then the pressure is plotted against the composition of the solution, 
a straight line will be obtained, as shown in Fig. 128. 

If, however, the gas changes its molecular condition when it 
dissolves in the solid, the relationship is, as in the case of the system, 
gas-liquid, 

jl_ k 

{.« yc ~ K 

when association into molecules of n times 
the molecular weight takes place in the solid, 
E , and 



Concentration 

Fro. 128. when dissociation -of the molecule into n 

parts takes place in the solid (§ 191). 

194. Formation of Solid Solutions. — It is possible for a gas to 
dissolve in a solid to form a solid solution, and when the concentra- 
tion reaches a certain value a new solid solution may be formed 
which is not miscible with the first. As soon as this happens we 
have two solid phases, and one gas phase, making a total of three, 
whilst the number of components remains two. Hence, the number 
of degrees of freedom is one, i.e., only one variable can be fixed 
arbitrarily. If the temperature is fixed, then the pressure and 
compositions of the phases are automatically fixed too. 

If a graph is drawn between pressure of the gas and concentration 
(the amount of gaseous component in the system) at constant 
temperature, it is found to be of the form shown in Fig. 129. The 
portion ab represents the formation of the first solid solution. This 
is a straight line, governed by the equation PjC = K. There are 
two degrees of freedom, since we have two phases (solid and gas). 
One degree is lost in fixing the temperature, and so there is one left, 
ijt., to each concentration there is a definite pressure, giving the 
curve ab. At 6 the new solid solution makes its appearance, and 
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there are now three phases, and only one degree of freedom in the 
system. As the temperature is fixed, there are no degrees of 
freedom left at all, and so the next part of the curve is a straight line 
parallel to the concentration axis. Addition of one or other com- 
ponent now merely alters the relative amounts of the phases, leaving 
their compositions and the gas pressure constant. It may be that 
as the concentration of gas is increased the first solid solution 
disappears, as it is completely converted into the second, and then 
there are only two phases again, and the curve would be of the 
form cd. 

195. Formation of Chemical Compounds. — If a gas forms a com* 
pound with a solid, admission of large quantities of gas will fail te 
produce any great pressure of gas over the solid, since the dissooifr 
tion pressures (§ 160) of solids are usually low at ordinary tempera- 
tures. When, however, all the solid has been converted into the 
compound, it may be incapable of absorb- 
ing more, or the new compound may 
act like the original solid and give solid 
solutions with the gas, or form another 
higher compound. If that is so, the 
phenomenon is governed by exactly 
the same considerations as those already 
stated, the compound being regarded for 
this purpose as a pure solid. 

196. Adsorption. — This is the most im- 
portant case of all, and the one usually met with when a gas is 
“ taken up ” by a solid. It is well known that glass and porcelain 
have the power of taking up moisture from the atmosphere. It 
is extraordinarily difficult to remove this film of moisture. To 
remove it completely it is necessary to heat the vessel to redness in 
vacuo. It is a surface effect, and hence finely divided solids will 
be more active in taking up gases in this way than an ordinary 
solid. Thus, platinum black, finely divided nickel, copper powder, 
animal charcoal and other kinds of charcoal are especially active aa 
adsorbing agents. 

When a gas is brought into contact with some such agent, a 
condition of equilibrium is set up almost immediately. A certain 
amount of gas is adsorbed at a given pressure, and if the pressure is 
altered either more gas is taken up or some is expelled. The fact 
that equilibrium is instantaneous points to the phenomenon as being 
a surface effect, for molecules can diffuse only slowly through a solid. 
After a time, however, a further small amount of gas oan be taken 
up, showing that there is a slow diffusion of the gas into the interior 
of the adsorbent. 


/ 

Amount o* <ttf«ou* Conpomnfc 
In 5y»t«m 

Fio. 129. 
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A study of the amount of gas adsorbed by a given surface under 
different pressures shows that the relationship 



holds. In this equation, x is the weight of gas adsorbed by m gms. 
of solid at pressure p, a is a constant dependent upon the surface, 
and b a constant dependent upon the gas. b is always less than unity. 

A comparison of this expression, which is called the adsorption 
isotherm , with Henry's Law shows that the two are alike in form. 
Henry’s Law may be written in the form 



x being the amount of gas dissolved by m gms. of liquid at a pressure 
p, and a being a constant. We have seen that when the pressure is 
raised to a power it indicates a change of molecular state of the gas 
in the solvent. The formula employed when dissociation takes 
place in the solvent is 

C 1 _ x 

OT-=OP, 

and when association takes place 

_ x 

= K , or - = ap n - 
m r 

Hence, it might be concluded that we are dealing in this matter of 
adsorption with a change of molecular state of the gas when it is 
taken up by the solid, and, since the power b is always less than 
unity, the molecular weight in the adsorbed state must be less than 
in the gaseous state. Aotually 6 comes out at 044 for ammonia, 
0*39 for carbon dioxide, and 0*12 for chloroform. These values 
would give impossible figures for the molecular weight in the 
adsorbed state, so we are forced to conclude that the adsorption 
isotherm is an expression of an entirely different nature from 
Henry's Law. It is, in fact, merely empirical (§ 346). 

197. The Mechanism of Adsorption.— Adsorption is due to surface 
forces. In dealing with surface tension it was pointed out that the 
surface forces were due to unbalanced molecular forces. In the 
bulk of a liquid a molecule is surrounded on all sides by other 
molecules, and consequently it attracts, and is attracted, in all 
directions equally ; but in the surface layer the molecules are only 
subjected to fields of force over a part of their surface, and so there 
is the development of surface energy. 

A very similar explanation can be given for adsorption. The 


A. 
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atoms in a solid are held in position in the space lattices (§ 124) by 
attractive forces between neighbouring atoms. At the surface, 
however, they are only held on one side, and so there will be a 
certain amount of surface energy latent. A gas molecule will be 
held by the atom with this extra force, and will thus be adsorbed. 
If the gas molecule itself possesses a certain amount of affinity for 
the solid, it will be held relatively firmly, and, indeed, chemical 
reaction may take place ; but if its affinity for the metal is small or 
negligible, Abe only force holding the gas atom on to the metal is 
the unsatisfied crystal force mentioned above, and slight thermal 
agitation will be sufficient to remove it. 

Langmuir, in accordance with this theory, believes that there are 
certain points on a solid surface where this additional force is 
centred. These points have a definite relationship to the crystal 
lattice. When a gas is admitted to a vessel containing the Bolid, 



which has been previously outgassod by heating to redness in a 
vacuum, it is adsorbed at these points. The pressure may not be 
sufficient to cause all the vacant spaces to be occupied, so that on 
increasing the pressure a further amount of gas is adsorbed. Ulti- 
mately, however, all the available spaces are filled, and the surface 
is covered with a layer of gas one molecule thick. It has been 
shown experimentally that in many cases of adsorption of gases the 
adsorbed layer is unimolecular. 

When dealing with some of the gases which are most easily 
liquefied, or with others which are near their critical point, the 
adsorbed layer may be more than one molecule thick, for at this 
stage there are attractive forces between the molecules of the gas 
themselves, which will enable thicker layers to be built up. It is 
for this reason that the more easily liquefied gases, such as ammonia 
and carbon dioxide, are the more readily adsorbed by agents such as 
charcoal 

The fact that a gas is more easily adsorbed when it is nearing 
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liquefaction is made use of in the high evacuation of tubes tor 
spectroscopic work. First as much air as possible is removed from 
the tube (which is provided with a side-tube containing coconut 
charcoal, a specially active adsorbent) by means of an air-pump. 
Then the tube containing the charcoal is placed in a Dewar vessel 
containing liquid air (Fig. 130). The charcoal adsorbs almost entirely 
the gas which is left, enabling a much higher vacuum to be obtained 
than would be possible by means of a pump alone. 

The fact that finely divided metals are good catalysts in various 
reactions can be explained as an adsorption phenomenon, and for 
this reason the study of adsorption is of great importance. It will 
be further discussed in Chapters XVII and XVIII. 

108. The Occlusion of Hydrogen by Palladium. — One of the most 
interesting cases of the solution of a gas in a metal is the occlusion 
of hydrogen by palladium^ This phenomenon was first observed in 
1866 by Graham, who found that palladium foil which had been 
previously heated to redness in a vacuum would take up 376 times 
its volume of hydrogen at room temperatures, 643 times at 90°-97° C. 
and 626 times its volume at 246° C. 

The amount of gas taken up, however, depended upon the pressure, 
and upon the physical state of the metal. Graham believed that 
the hydrogen was condensed to a sort of metal, to which he gave 
the name " hydrogenium,” and that this formed an alloy with the 
palladium. 

Troost and Hautefeuille in 1874 studied the effect of pressure on 
the occlusion. At a given temperature (say 120° C.) they found that 
at first the pressure increased as the concentration of gas in the 
metal increased, but that on further addition of hydrogen the 
pressure remained constant. On still further increasing the concen- 
tration of hydrogen, the pressure rose. The same thing happened 
at other temperatures. The results are embodied in the curves 
drawn in Fig. 131. 

The first part of the curve, ab, would correspond to physical 
solution of the hydrogen in the metal (cf. Fig. 128). Troost and 
Hautefeuille considered that the straight portion, be, which followed 
indicated the formation of a chemical compound, which, when all 
the palladium had been converted into it, could itself take up 
hydrogen, thus accounting for the renewed rise in the curve, cd. 
The palladium had taken up 600 volumes of hydrogen at the com- 
mencement of the second rise. The density of palladium is 12, so 
that the ratio of the weights of metal and gas in the substance 
formed is 12 : 600 X 0*00009 12 : 0*054. The atomic weight of 

palladium is 106. If the substance is a definite chemical compound 
its formula will be obtained by dividing these ratios by the atomic 
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weights. The values 2*03 : 1 are obtained, which would make the 
compound Pd 2 H. As will be seen, it is a mere coincidence that this 
is a simple ratio. 

However, simply because the pressure remains constant whilst 
the composition varies, it cannot be argued that a compound is 
present. It is equally possible, as Hoitsema showed, to have two 
non-miscible solid solutions. We have already seen that this would 
give a curve of the nature required (§ 194). 

It is necessary to find some way of distinguishing the two cases, 
so that it may be known definitely whether it is a matter of forma- 
tion of a compound, or two non-miscible solid solutions. This can 
be done from a study of the 
pressure-composition curves for 
different temperatures. If a 
chemical compound is present, 
the pressure remains constant 
whilst the metal takes up more 
and more hydrogen until all the 
metal is converted into com- 
pound, after which it again 
rises. The concentration at 
which the second rise begins 
should be the same at all 
temperatures unless different 
compounds are formed at 
different temperatures. There 
are only certain possibilities 
of this, and it must be assumed 
that one compound would be 
stable above a certain tem- 
perature, and another below it, in which case the concentration at 
which the second rise begins should be constant up to a certain 
temperature, and then suddenly take up another definite value. 

If two non-miscible solid solutions are being dealt with, the 
concentration at which the second rise begins, i.e., the concentration 
at which the solutions become completely miscible, and therefore 
exist as one phase, will vary continuously with temperature. A 
glance at the curves in Fig. 131 will show that this second case is 
correct, and that we are dealing with two non-miscible solid solutions. 

A good deal of work has been done to discover more about these 
solid solutions, and the conclusion has been drawn that they are in 
effect a solution on the surface, and a solution in the interior of the 
metal. The latter does not appear to be homogeneously distributed 
through the metal. The surface layer can be removed fairly easily 
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Fio. 131. — Relationship between 
Pressure and Concentration in the 
Palladium-hydrogen System. 
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by pumping, but it is much more difficult to remove the hydrogen 
in the interior. X-ray analysis (§ 125) of the palladium which has 
adsorbed hydrogen fails to show any change of structure at the 
beginning of the portion of the curve 6c. A change would be 
expeoted if compound formation occurred. 

D. SOLUTIONS OP LIQUIDS IN LIQUIDS 

109. General. — It was a tenet of the alchemists that similia 
similibm solvuntur (like is dissolved by like), and this appears to be 
generally true. Thus, water will dissolve alcohol to any extent, 
but will not mix with mercury. Mercury, on the other hand, will 
dissolve metals. Benzene will not dissolve water, but will dissolve 
hydrocarbons. 

This generalisation has received some theoretical explanation 
from the electronic theory. It is found that liquids tend to fall into 
two classes, water and the hydrocarbons being the extreme members 
of each class. Liquids of the water class dissolve in each other, but 
as a rule will not mix with those of the hydrocarbon class. The 
liquids Of the water class are all ionising solvents, they have higher 
dielectric constants than the other liquids (a property which makes 
them ionising solvents), they tend to polymerise in solution, and in 
the pure liquid state, and they have abnormally high boiling points. 
The liquids of the water class are termed “ abnormal,” whilst those 
of the hydrocarbon class are " normal.” Sometimes the terms 
“ polar ” and “ non-polar ” respectively are met with to indicate 
the same liquid classes ; but these terms are strictly speaking 
incorrect, and should be avoided. Generally, associated substances 
are co-ordinated compounds (§ 61). 

All non-associated liquids are completely miscible with each 
other, and all the extreme members of the associated class, e.g. 9 
water and the lower alcohols, are completely miscible. If, however, 
we bring together a liquid of one class and one of the other, they 
will usually not dissolve. Since there is this difference between 
molecules of the different classes, it is clear that the deciding factor 
is the nature of the electric fields of the molecules. In associated 
molecules there must be electrical forces which tend to keep the 
molecules together, and these give rise to an internal pressure. Li 
normal molecules there is a very weak external field, so that if a 
normal substance is mixed with an associated one there will be a 
tendency for the two types to separate, and solution does not occur. 
The associated molecules will tend to remain as such and not be 
broken into by the normal molecules. 

200. The System Phenol-Water.— If phenol is mixed with water* 
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two liquids are produced, one a solution of phenol in water, and the 
other a solution of water in phenol. These two form. separate 
layers. Now, at any given temperature the composition of these 
layers is fixed. On warming, the amount of water in the phenol 
phase increases, and the amount of phenol in the water phase 
increases, until at a certain temperature the composition of both 
layers becomes the same. Then, of course, there will be complete 
miscibility ; there will be no separation of the liquid into two layers. 
The system was studied by Rothmund in 1898, and the following 
data are due to him. They are plotted in the curve shown in 
Pig. 132. # 


Table LXXIV. — The System Phenol-Water (Rothmund) 


Temperature, °C. 

10 

20 

30 

40 

i 

1 56 

60 

i 

65 

68-4 

Wt. per cent, phenol 
in aqueous phase . 

7-5 

8*5 

8-7 

P-7 

m 




Wt. per cent, phenol 
in phenol phase . 

— 

722 

69-9 

66-8 

62-7 60*0 

56-2 

l 

49-7 

361 



Fh». 132, — Solubility of Phenol in Water and of Water in Phenol. 

The temperature at which the two phases disappear and one 
takes their place is called the critical solution temperature , and 
sometimes the consolute temperature. Since it is possible in some 
systems (§ 202) to have a lower temperature of a similar nature, it is 
also frequently called the upper critical solution temperature. 

The solubility curve drawn in Pig. 132 is parabolic in shape 
(approximately), but no general formula has been derived by means 
of which this curve can be represented to cover all oases. Its shape, 
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and the nature of the phenomenon with which it has to deal, recall 
the method of Cailletet and Mathias for determining critical volume 
(§ 85). At any definite temperature, the compositions of the two 
layers will be represented on opposite branches of the parabola. 
The line joining them, e.g. t AB in Fig. 132, is called a tie-line , and 
the two solutions are said to be conjugate. 

The critical solution, temperature is affected very much by the 
presence of impurities, and may be used as a criterion of purity. 
For phenol, the effect of the addition of small quantities of benzene, 
naphthalene and pyridine is to raise the critical solution temperature. 
The criticism has recently been made that Rothmund^s value of the 
critical solution temperature of phenol is too high owing to the 
phenol used being not quite pure. According to Dolique (Comptes 
rendus, 1932, 194 , 289), the critical solution temperature of the 
purest phenol is 66-5 i 0*1° C., and the concentration at this 
temperature is 34-0 per cent. 

201 . The System Triethylamine- Water. — Here the reverse be- 
haviour is encountered. Below 18-5° C. the two liquids are completely 
miscible, but above it they form two distinct layers. This system 
was studied by Rothmund, whose figures are given below, and are 
plotted in Fig. 133. Nearly all the substances which show this 


Table LXXV.— The System Tbiethylamine-Wateb 


Temperature, °C. 

70 

50 

30 

1 

25 

i 1 

20 | 

18-5 

Wt. per cent, amine in aqueous 
phase .... 

1 

10 

1 

2-9 

5-6 

m 

15*5 

c. 30 

Wt. per cent, amine in amine 
phase .... 

— 

— 

j 

90 

1 

95*5 

l 

73 

c. 30 



Temperature X 


•'■a. 153. — Solubility of Triethviamine in Water, and of Water m 
Trie thy lamina. 
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behaviour with water are amines, and they are not easy to obtain 
in a state of purity. As impurities have a considerable effect on the 
critioal solution temperature (§ 200), it is a difficult matter to obtain 
accurate results in this work* 

302. The System Nicotine-Water. — In this case we have a closed 
solubility curve. There are two critical solution temperatures — an 
upper and a lower. The figures obtained by Hudson (1903), and 
confirmed by Tsakalotos (1909) are given below, together with the 
graph. 


Table LXXVI.— The System Nicotine-Water 


Per cent, nicotine by 
wt. ! 

6-8 

7-8 

100 

14-8 

32-2 

490 

68-8 

80*2 

Lower Teraperature,°C. 

94 

89 

76 

(16 

01 

04 

72 | 

87 

Upper Temperature, °C.| 

96 

1 155 

— 

200 

210 

i 

206 

i 

100 

j 

170 

i 



Fig. 134. — Solubility of Nicotine in Water and of Water in Nicotine. 

It was found by Tsakalotos that the composition for the two 
oritical points (60*8° C. and 208° C.) is the same. Between these tem- 
peratures two layers are obtained, but outside them there is 
complete miscibility. 

It is interesting to note the effect of pressure on this system. 
Application of pressure raises the lower, and decreases the higher 
critical solution temperature, so that the area of the closed ring gets 
smaller and smaller, until finally it becomes a point, and the liquids 
are completely miscible over the whole range of temperature. 

203. Experimental Methods of studying Mutual Solubility.— The 
simplest method is that used by Alexejew. Known amounts of 
the two liquids are introduced into tubes which are then sealed and 
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placed in a water-bath, of which the temperature is gradually 
increased. The temperature at which the two layers disappear in 
the tubes is noted. The tubes must be shaken frequently during 
the experiment. In this way a series of points on the mutual 
solubility curve is obtained. 

Another method is to take amounts of the liquids and shake 
them together in a tube placed in a thermostat. When equilibrium 
has been attained, known volumes of each layer are analysed. This 
method is not easily carried out, as in some cases the analysis is 
difficult. . 

A thermostatic method devised by Hill (1923) is of interest. 
The two components are weighed into each of two vessels in differing 
amount, and the volumes produced after equilibrium has been 
reached at a fixed temperature are measured. Graduated cylinders 
may be used for this purpose. Let m 2 and m t be the weights of the 
first component used in the two experiments, and c its concentration 
in grams per c.c. at equilibrium in the upper phase, and d its con- 
centration in the lower phase. If the volumes of the upper phase 
are v and v x and of the lower w and 

cv + die = m. 
cv 1 + dto 1 *= nij. 

If these equations are solved for c and d t the concentration of the 
first component in each phase is determined. Similar equations are 
used for the second component. Adding the amount of each 
component present in a given phase, we have the weight per c.c., or 
the density, and the percentage composition by weight is obtained. 

204. The Vapour Pressures of Solutions of Liquids in Liquids. — It 
is necessary to deal separately with the three types of solution : 

(а) components completely miscible, e.g. 9 alcohol and water ; 

(б) components partially miseible, e.gr., ether and water ; (c) com- 
ponents praetically immiscible, e.g., nitrobenzene and water. The 
liquids are not absolutely immiscible, but there are always two 
liquid phases over ordinary concentration ranges. 

205. Components Completely Miseible. — Applying the Phase Buie 
to this case, we have two components and two phases, so that the 
system is bivariant. This means that if the temperature is fixed 
the other remaining degrees of freedom, t.e., pressure and composi- 
tion, must vary together. Thus a mixture of any given composition 
will have a fixed and definite vapour pressure at a given 
temperature. 

If the vapour "pressure of a liquid mixture is plotted against the 
composition, the curve obtained will be one of five types which are 
shown in Fig. 135. 
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(а) In the first oase the vapour pr e ssur e c ur ve is a straight line. 
The two dotted lines represent the partial pressures of the com- 
ponents. These are both straight lines and indicate that both 
components are ideal liquids, obeying Raoolt’s Vapour Pressure Law 
(p. 477), which states that the relative lowering of the vapour 
pressure of a solution is equal to the ratio of the number of 
molecules of solute and of solvent in the solution. Such liquids 
are those drawn from the normal class, and which do not form 
compounds with each other, or cause polymerisation or dissocia- 
tion. 

Examples would be mixtures of benzene and toluene, and benzene 
and hexane. The total vapour pressure of the liquid will be the 
sum of the partial pressures of the separate vapours and is given 
by the line FD. Consider the vapour from a mixture of this kind. 
It will contain each constituent in the proportion of its partial 
pressure, and will therefore contain more of the more volatile 
component. Suppose that, by condensation in a separate vessel, 
this vapour is removed, then the condensed liquid will contain more 
of the more volatile component, and the liquid left behind in the 
flask will contain more of the less volatile component. By repeated 
vaporisation and condensation, %*., distillation, it would be possible 
to effect a separation of the two components, and this is what 
happens in fractional distillation. This prooess, however, will be 
fully dealt with in a later section (209). 

If the lines CD and EF were slightly curved, they would give when 
added a total vapour pressure curve which did not possess any 
definite maximum or minimum, as in (d) and (e), and the same 
considerations would apply. 

(б) In the Becond ease the total vapour pressure curve exhibits a 
minimum, and this can be made up of two partial pressure curves 
which are oonoave upwards, or one straight line and one oonoave 
curve. Suppose we take a liquid mixture belonging to this class 
which has an excess of B, the more volatile component. When this 
is distilled the vapour will contain an excess of B, and so the residue 
in the flask will gradually get rioher in A. Ultimately, the mixture 
with the lowest vapour pressure, and hence the highest boiling point, 
will be reached, and this will distil over unchanged. If the mixture 
is rich in A the same thing takes place ; A distils over first, and then 
the constant boiling mixture. It is therefore impossible to separate 
this mixture into its components by fractional distillation. The 
best that can be done is to separate it into one component, and the 
oonstant boiling mixture. Examples of this behaviour are furnished 
by the common adds. Sulphuric acid and water form a oonstant 
boiling mixture, boiling at 838° C. , and containing 98-7 per cent, of the 
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acid. Hydrochloric acid forms a constant boiling mixture distilling 
at 110° C. and containing 20*24 per oent. of the add (p. 414). 

(c) Here the mixture gives a maximum in the total vapour 
pressure ourve, The mixture which has the maximum vapour 
pressure will obviously boil at a lower temperature than any other 
mixture, and so, on distilling a mixture of this type, the maximum 
vapour pressure mixture will come over first, until all of one com- 
ponent has been used up. Then the temperature will rise and the 
other component will distil. It is again impossible to effect a 
separation by fractional distillation. All that can be done in this 
direction is to separate it into a constant boiling mixture and one 
component. A good example of this is the mixture of ethyl alcohol 
and water. This forms a mixture of minimum boiling point, 
78*13° C., which contains 95*69 per cent, 
alcohol. This accounts for the great 
difficulty encountered in preparing 
absolute alcohol. By ordinary distillation 
of a mixture of alcohol and water, alcohol 
of strength 96*59 per cent, comes over. 

To obtain pure alcohol from this, the, 
water must be removed by chemical 
means, e.g. 9 by the addition of caldum 

oxide, anhydrous copper sulphate, and, o h,o 

finally, metallic calcium. With the water __ Vapour ° 

thus chemically bound, it is possible to Pn>a*uro-compo*ition 
distil off pure alcohol. Mention may here Curve for a Mixture 
be made of another method of dehydra- o{ 
ting aloohol, used on the commercial 

scale. If benzene is added to a mixture of alcohol and water, the 
benzene forms a low- boiling mixture with the water, and some of 
the alcohol, and on distillation this comes over first. In this way, 
the water is removed from the aloohol, and the mixture left in the 
dis tilling vessel contains benzene and alcohol, which can be separated 
by distillation. 

Pyridine and water afford another example of a minimum boiling 
mixture. 

206. Vapour Pressure Curves of Partially Miscible Liquids. — A 
mixture of ether and water may be taken as an example. The 
curve is shown in Fig. 136. 

When ether is added to water it first of all dissolves. If a small 


quantity of ether is added to water a true solution is formed, and 
the total vapour pressure of the mixture increases as shown by the 
line AB. But, as more ether is added, the water becomes saturated, 
and a layer of ether is formed, i.e., a new phase is produced. Now, 
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according to the Phase Rule, the system must become univariant, for 
we have three phases (ether in water, water in ether, vapour) and two 
components (ether and water). This means that the vapour pressure 
will remain constant whilst the composition varies. This is the line 
BC in the curve. At a point C, sufficient ether will have been added to 
dissolve all the water, and there is now a saturated solution of water 
in ether. Prom this point tho vapour pressure will rise to that of pure 
cither at D. In other cases the curve falls as in the lower curve 
A 1 B 1 C 1 D 1 . 

207. Vapour Pressure of a Mixture of Immiscible Liquids.— It is 

obvious that here we have three phases throughout the whole range 
of compositions, and two components. Hence, according to the 
Phase Rule, the system is univariant, and vapour pressure is con-, 
stant for all compositions. It is therefore a 
straight line curve parallel to the composi-, 
tion axis. The curve is really the same asi 
b that just considered (Fig. 137), except the 
sloping portions have become very short. 

The vapour pressure AB will be tho sum 
of tho partial pressures of the two com-* 
ponents. Thus, at a temperature of 80° C., 
the vapour pressure of water is 356 mm., 
whilst that of bromobenzene is 66 mm. The 
> vapour pressure of a mixture of these two 
would therefore be 422 mm. at 80° C. 

*iw. LOi • YUjJUUI 

ProsBuro-composition 208. Steam Distillation. — This property 

Curve for a System G f a mixture of immiscible liquids is made 
Liquids. use of m the process of steam distillation, 

the object of which is to separate organic substances from un- 
desirable impurities which would be difficult to remove in other 
ways, or to distil an organic body without submitting it to too great 
a temperature or resorting to vacuum distillation. 

The apparatus is illustrated in Fig. 138. It consists of a boiler 
A, the steam generated therein being passed into the large 
flask B containing the mixture to be separated. This is connected 
by an outlet tube to a Liebig’s condenser in the usual way. Finally, 
to obtain the product pure it must be separated in a separating 
funnel from the water which also comes over, and then dried and 
redistilled. 

The amounts of water and substance which distil over can readily 
be calculated. Suppose that, at the boiling point of tho liqu'jl, the 
vapour pressures of the two components are p x and p t . The 
volumes of vapour produced will be proportional to these pressures. 
The densities of the vapours are proportional to their molecular 
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weights, so the ratio of weights of the substances distilling is - - , 

if*p 8 

M x and M t being the molecular weights of the liquids. 

This is best illustrated by a numerical example. A mixture of 
nitrobenzene and water boils at 99° C. The molecular weight of 
nitrobenzene is 123 y and the vapour pressure of water at 99° 0. is 
733 mm. Hence, the vapour pressure of the nitrobenzene must be 
27 mm. The ratio by weight in which the two liquids distil is 

Nitrobenzene 123 x 27 1 

Water 18“x"733 ~ 34*7’ 



It is obvious that water is a good liquid to use in this connection, 
because it has a low molecular weight. 

The reverse calculation is sometimes used for finding the molecular 
weight of a liquid which is not miscible with water. Thus, a mixture 
of bromobenzene and water distils at 95*2° C., at which the respective 
vapour pressures are 119 and 641 mm. The ratio by weight in 
which the liquids distil is bromobenzene : water — 1*02 : 1 . If M 
is the molecular weight of the bromobenzene, 

Bromobenzene 1*62 __ M x 119 
Water “ *1 18 x 641' 

Hence, M = 157*1. 

209. The Theory of Fractional Distillation.— It has already been 
stated that only one type of completely miscible mixture can be 
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separated into its components by fractional distillation, and this is 
the type which gives a vapour pressure curve possessing neither a 
maximum nor a minimum (§ 205). It is not, however, the vapour 
pressure-composition curve that is of so much interest for our 
present purpose, but the temperature-composition curve. This 
will, of course, be dependent upon the vapour pressure curve, but 
will not have the same form. If we plot the boiling point of a liquid 
against its composition we have a graph of the form ADB in Fig. 139. 

But.- the composition of the vapour in equilibrium with the liquid 
at the boiling point is not the same as the composition of the liquid. 
It will contain more of the more volatile component. The curve 
ACB represents the variation of composition of the vapour with 
temperature. 

Suppose we take a liquid containing about 00 per cent. A (point E 

on Fig. 139), and heat it until it 
boils. It will do this at a tempera- 
ture F. The composition of the 
vapour in equilibrium with the 
liquid at this temperature is ob- 
tained by producing FD to the 
point G, where it cuts the vapour 
curve. On cooling this vapour, 
the composition of the distillate is 
H, which is obviously richer in B 
than the original liquid, sinoe B is 

Fio. 139. — Curves showing Com- the more volatile liquid, having a 

tarer boiling point. Ifth.pn*** 
is repeated, the temperature at 
which the distillate boils is J, and the vapour in equilibrium with it 
has a composition L, very closely pure B. In this way fractional 
distillation can be carried out. The corresponding curves for those 
liquids which give a minimum or a maximum in their vapour 
pressure curves are given below, and it will be seen that application 
of similar reasoning to the above indicates that separation is im- 
possible. 

The efficiency of the process of fractional distillation is consider- 
ably improved by the use of a fractionating column, which consists 
of a long glass tube with a number of pear-shaped bulbs blown on it, 
or a tube packed with beads, so as to produce a large surface. This 
is attached to the neck of the distilling flask, and the vapour is made 
to traverse it before passing into the condenser. Hie vapour given 
off by the boiling liquid will be oondensed in the column, and the 
vapour remaining over this oondensed liquid will be very rich in the 
more volatile constituent of the vapour. If the oondensed liquid is 
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obstructed in its return to the flask by a series of oonstriotions, suok 
as the pear-shaped bulbs, an equilibrium is set up between the 
liquid and vapour at each constriction, and so the last amount of 




Curve corresponding Curve corresponding 
to (b), Fig. ISO. to (e), Fig. 130. 

Fio. 140. — Curves showing Composition of Vapour and Liquid at different 
Temperatures. 

vapour to undergo condensation, at the top of the column, will be 
very rioh in the more volatile constituent. The longer the tube, the 
better will be the separation. 

E. SOLUTIONS OF SOLIDS IN LIQUIDS 

210. General. — It is not possible to say with any certainty why a 
solid dissolves in a liquid. It is clear that the solubility or insolu- 
bility is not anything directly connected with the solute only, but 
that it is determined by both solute and solvent ; for many sub- 
stances which are insoluble in water will dissolve in other solvents, 
and vice vend. The regular decrease in solubility with increase in 
atomic weight or atomic number in a family of elements, e.g. t oaloium, 
strontium, barium and radium sulphates in water, indicates that 
solubility is connected with atomic number, and therefore with the 
number of extra-nuclear electrons in the metal atom, and the 
resultant electric field of the atom and molecule. There can be no 
doubt that solution depends upon the weakening of the electrical 
forces which ordinarily preserve the shape of the crystal lattice. 
As mentioned on p. 283, Tammann has shown that a crystal does not 
immediately break down on dissolution into molecules, but remains 
in “ lattice blocks ” of nltramicrosoopic dimensions. These ulti- 
mately break up into molecules. The electrical properties of the 
solvent, then, must be such as to weaken these electrical crystal 
forces which are due to the electrical fields of the molecules them- 
selves. The solution to the problem of why some substances 
dissolve in a certain solvent and others do not is to be found in a 
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study of the electrical properties of both solute and solvent, but our 
present knowledge is insufficient to enable us to give any definite 
answer. 

The simplest external electrical property which can be measured, 
and can give any indication of the internal electrical field of a 
molecule, is the dielectric constant, and as far back as 1906 Walden 
suggested that the molecular solubility of a solute was related to the 
dielectric constant (e) by the expression 

« R, 

Ws , 


where K is a constant and S is the molecular solubility of the solute 
expressed "as a percentage, and given by the equation 


8 


100 n 
n+ N’ 


n and N being the numbers of gram-molecules of solute and solvent 
respectively in the solution. 

It is clear that, according to this equation, liquids which have the 
higher dielectric constants should be the better solvents, and this 
is borne out in practice, as shown by the following data. 


Table LXXVII. — Solubility of Potassium Iodide in various 
Solvents (Walden) 


Solvent. 

Formula 

e. 

Solubility, gms./lOO gms. 
solvent. 

26* C. 

Water 

Efi 

81 

69-64 

Methyl alcohol. 

CH s OH 

35-4 

14-97 

Acetonitrile 

CH,CN 

36-4 

2-00 

Ethyl alcohol . 

C 8 H 5 OH 

26*8 

1-92 


However, numerous exceptions have since been discovered, and 
the Walden expression is no longer considered correct,' but there 
is no doubt that dielectric constant, though not the only factor 
deciding solubility, must rank among the most important of these. 

In dealing with organic bodies, it is frequently found that the 
substitution of one group or atom by another converts the substance 
from a soluble into an insoluble compound, and vice versd. Thus, 
benzene is insoluble in water, but when one hydrogen atom is 
replaced by hydroxyl, the phenol produced is fairly soluble. The 
increased solubility is no doubt due to the affinity of the phenolic 
— OH group for water 
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It is interesting to note that whilst organic substances containing 
hydroxyl are nearly all soluble in water, inorganic hydroxides are 
nearly all insoluble. 

211. Determination of Solubility. — The solubility of a substance 
is the maximum weight of it which mil dissolve 
in 100 gms. of the solvent at a given tempera- 
ture. 

To determine this it is necessary to pre- 
pare a saturated solution of the solute and 
then analyse it. 

It is easy to devise a suitable method 
where accuracy is not important. A satur- 
ated solution is prepared by shaking an 
excess of the solute with the solvent in a 
flask placed in a thermostat regulated to 
the required temperature. When the solution 
is saturated, some of it is removed by means 
of a pipette, provided with a plug of cotton 
wool or glass wool, to prevent any solid from 
being withdrawn. The solution withdrawn 
is placed in a dish of known weight and 
then weighed again. The solution is then 
evaporated to dryness and re-weighed. The 
difference between the weight of the dish 
alone and that of the dish and solid gives 
the weight of solute in the solution. The 
difference between the weight of the dish 
alone and that of the dish and solution gives 
the weight of the solution. The weight of 
solvent is the difference between the weight 
of solution and that of the solute. From 
these figures the solubility can be calculated. 

It is clear that a number of errors are 
possible with this simple method. In the 
first place, the withdrawal involves a cooling, 
and some solid will be deposited in the pipette and may not be trans* 
ferred to the dish. To overcome this, the pipette may be warmed 
in the thermostat before use. Also, the evaporation of a liquid to 
dryness is a highly undesirable operation to introduce into quantita- 
tive work, as it is so easy to lose liquid by spirting. This can be 
obviated by making use of some chemical method of analysis, wham 


s 


B 


Fio. 141. — Apparatus 
for determining 
solubility. 


available. 

An apparatus which has been used to determine the solubility of 
solid s to a high degree of aoouracy is shown in Fig. 141. 
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The apparatus is due to A. N. Campbell (J. C. S. t 1930, 179), and 
consists of two 1-oz. wide-mouth reagent bottles, A and B, provided 
with corks and arranged as shown. The mouth of A is ground. 
Glass tubes pass through the corks, D being a tube of about 3 mm. 
diameter, constricted at the upper end, and packed with glass wool, 
and C is a piece of quill tubing drawn out to a capillary and bent to 
an S shape, not, however, sealed off. 

The bottle B is charged with solid and solvent, and fixed in 
the position shown in the diagram on the horizontal paddle of a 
thermostat stirrer. When solution is complete, the apparatus is 
inverted in the thermostat, and the solution filters through the 
plug, air coming into the top vessel, then B, through the capillary C. 
The liquid entering C at first is pure solvent, which will dilute the 
saturated solution when expelled by the air pressure from below, so 
it is advisable to have the tube as fine as possible. The very Bmall 
amount of solvent contained by it will then be negligible, but 
in any case it will have a chance of becoming saturated before 
passing into the lower bottle, then A. The S bend in the tube 
prevents the admission of golid into A. When the solution has passed 
through, the apparatus is removed from the thermostat, and the 
weighed bottle A closed with a ground glass plate. The solution 
can then be analysed. 

Where high temperatures are to be used, it is advisable to wire 
down the corks, as they may be forced out by the pressure. 

For the determination of the solubility of sparingly soluble salts 
several methods are available. Most of these are fully dealt with 
in other sections. They can be summarised as : — 

I. Electrical methods, (a) Determination of the solubility 

product by the E.M.F. method (see p. 648). (6) Determination of 

conductivity of the solution (see p. 512). 

II. Colorimetric method. This depends on comparing the depth 
of colour of a solution with that of some standard solution. For 
example, to determine the solubility of lead sulphate, a quantity of 
it is shaken up with water, the solution filtered, and then hydrogen 
sulphide is passed through it to form lead sulphide. This is brown 
in colour : it will not . be formed in sufficient quantity to give a 
definite precipitate, but the solution will be coloured brown through 
the presence of colloidal lead sulphide. The colour of this solution 
is compared with that obtained by passing hydrogen sulphide 
through a solution of lead acetate containing a very small, but 
known, lead ion concentration. The standard solution is pro- 
gressively diluted, until the correct colour is reached, when the 
lead ion concentration in the unknown solution is obtained. 

III. Radioactive method. The method of radioactive indicators 
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devised by Hevesy and Paneth finds some application in the deter* 
mination of the solubility of sparingly soluble salts., A solution of 
a soluble salt of the metal of which the sparingly soluble substance 
is a salt is prepared, and a small known quantity of a radioactive 
substance is added. The sparingly soluble salt is then precipitated 
by the addition of the proper reagent, and it brings down with it the 
radioactive substance. It is filtered off, dried and weighed. A 
portion is then mixed with water in an ordinary solubility apparatus, 



Fig. 142. — Solubility Curves. 


such as that described above, and a saturated solution is prepared. 
A known volume of the solution is removed and evaporated to 
dryness, and the activity of the residue is determined by means of 
an electroscope. The activity is proportional to the amount of salt 
present, and, since a known amount of indicator was added to start 
with, the activity associated with a given weight of the salt is known, 
and the amount of substance present can be calculated. The 
method is very sensitive, and has afforded good results, particularly 
in the determination of lead and barium salts. 

A satisfactory method for the rough determination of the solu- 
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bility of a sparingly soluble salt in the laboratory is to take a known 
weight of the salt and agitate it with one litre of water for some 
time at the temperature required. Filter off through a quantitative 
paper, and weigh the residue after drying. The difference in 
weight gives the amount dissolved by one litre of water. 

212. The Solubility Curve and its Characteristics.— The solubility 
curve is the curve drawn between solubility and temperature. It 
may take a number of different forms. They may be considered in 
two sections : first, those which are continuous and, secondly, those 
which are discontinuous. 

/. Continuous Solubility Curves . — A number of these are shown 
in Fig. 142. 

As a rule, solubility increases considerably with the temperature. 
This is shown in the curves for lead nitrate and potassium chlorate 
(Fig. ,142). Common salt is an outstanding case, the solubility 
increasing very little with temperature. A few substances are 
known, chiefly the calcium salts of organic acids, which decrease in 
solubility with increase in temperature. Examples are calcium 
acetate and calcium butyrate. Calcium sulphate has a peculiar 
solubility curve. Whilst continuous it shows a maximum, so that 
up to a certain temperature the solubility increases with tempera- 
ture, and above that it decreases again. 

The effect of temperature on the solubility of a substance which 
undergoes no chemical 6hange with temperature can be predicted 
from a knowledge of its heat of solution. The heat of solution of 
most salts is negative, t.e., heat is absorbed when the substance goes 
into solution. According to Le Chatelier’s principle (§ 138), if the 
temperature of a saturated solution containing some of the solid 
salt is increased, a change will take place in the equilibrium to annul 
the effect of the increase in temperature, t.e., that change will take 
place which absorbs heat Now the process that absorbs heat is 
the solution of the solid salt, and so more dissolves. If the heat of 
solution is positive, as it is in the case of many calcium salts of the 
fatty acids, then the reverse process will take place, for the dissolu- 
tion of salt now involves absorption of heat. 

On the basis of thermodynamics, it has been shown that the heat 
ot solution and the solubilities of a substance at two given tem- 
peratures are connected by the equation 

* ,0 «* % = B (r. ~ y) 

where T> and T x are the temperatures, on the absolute scale, s 0 and 

are the solubilities at these temperatures, R is the gas constant, 
and II tfa> heat of solution. This equation, it will be noted, k 
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exactly similar to that given by Arrhenius for the effect ot tempera- 
ture on the rate of a reaction (p. 349). 

This equation can readily be tested if the necessary data are given. 
Thus, at 0° C., the solubility of succinic acid in water is 2*88, whilst at 
8-5° C. it is 4*22. Taking R as 2 gm.-cals. per degree, we have, 
substituting in the above equation, 

O 1 4 22 r/ ( 1 i \ 

2 og 2-88 ~ 11 \2Ti ~ 581-5 )’ 

H = 6,863 gm.-cals. 

The observed value for the heat of solution of suocinio acid is 
6,700 gm.-cals., agreeing very well with that calculated. 



Fia. 143. — Solubility of Sodium Sulphate. 

11 Solubility Curve Discontinuous . — The solubility curve may, 
however, not be continuous, but may show sudden changes of 
direction. Whenever this occurs, it indicates that the solid phase 
in contact with the saturated solution has altered its character in 
some way, and that we really have to deal with two distinct solu- 
bility curves, which meet at a point. The temperature indicated 
by this point is that at which the transition from the one state to 
the other takes place. This alteration may be a polymorphic change 
or a change in hydration of the solid substance. 

As an example of the effect of a polymorphic change on the 
solubility curve wr> may take ammonium nitrate. Within the 
range 10°-50°C.* this substance changes its crystalline form. 
Actually this is only one of five such changes. When the solubility 
curve of this substance is plotted it is found to exhibit a distinct 
break at 32° C., the transition temperature of the 0-rhombic into 
the y-rhombic form (Pig. 107, p. 321 ). Another substance with a very 
Miwilur solubility curve, showing a break due to polymorphic 
changes, is thallium picrate. 
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The other cause of breaks in the solubility curve, viz change in 
the degree of hydration of the solid in oontact with the saturated 
solution, is considerably more common. One of the best examples is 
sodium sulphate (Fig. 143). If the solubility curve of sodium sulphate 
is plotted, it is found to have a very sharp break at 32*383° C., at 
atmospheric pressure. At this point there is an equilibrium in the 
solid state between the decahydrate, NajSO^lOHaO, and the 
anhydrous salt, so that below this temperature the solubility curve 
is that of sodium sulphate decahydrate, and above it it is that of 
anhydrous sodium sulphate. The curve CB can be followed back- 
wards a short distance by seeding the saturated solution with the 

heptahydrate, so that the metast- 
able portion BD is realised, and it is 
then possible to follow the solubility 
curve of the metastable hepta- 
hydrate DE. 

Consider the complete solubility 
curve of a substance like silver 
nitrate. It is shown in Fig. 144. 
The solubility of this salt above 
100° C. has been studied by Etard 
and by Tilden and Shenstone. The 
solubility increases with temper- 
ature, and there is a break in the 
solubility curve at 160° C., due to 
the formation of a new crystalline 
form. The curve continues until, 
when we have 100 per cent, silver nitrate, the temperature 
is the melting point of the salt, viz., 208° C. This part of 
the curve, BCD, represents the equilibrium between salt, solution, 
and vapour. Now consider the other branch of the curve. 
Water freezes under atmospheric pressure at 0° C., but, if a small 
quantity of silver nitrate is added to the water, its freezing point is 
lowered, and the more salt added the lower is the freezing point. 
At last, however, a point is reached when the silver nitrate nu 
longer dissolves, and is deposited along with the ioe. At this 
temperature we have four phases, vapour, solution, salt, ioe, all 
in equilibrium, and the system is therefore non- variant, as there are 
two components. The point B is thus a quadruple point. It may 
be regarded as the point of intersection of the solubility curve 
and the freezing-point curve. It is clear that this point B is the 
lowest temperature that can possibly figure on the solubility 
carve ; it is the lowest temperature that can be attained with 
mixtures of two components in the preaenoe of vapour. It is 



b ia. 144. — Solubility of Silver 
Nitrate. 
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usually called the cryohydric paint , or the eutectic point (p. 393). It 
is dear that there is no distinction between solutions of water in 
liquid silver nitrate and of silver nitrate in water, in the right-hand 
limb of the curve. 

For some time it was thought that the substanoe which was 
deposited at the cryohydric point was a definite chemical compound 
of the salt and water, and it was given the name cryohydrate. This, 
however, was disproved by Offer, who showed that although these 
substances appeared to be compounds, since they possessed a con- 
stant melting point, yet they were actually mixtures. This was 
shown by the fact that the heat of solution of the cryohydrate was 
the sum of the heats of solution of the ice and salt, in the proportion 
in which they are contained in the so-called “ compound,” and that 
similarly the specific volume of the cryohydrate was that calculated 
for a mixture. Also, the separate crystals of ice and salt can be 
distinctly seen, when the cryohydrate is examined under the 
microscope, particularly when the salt is coloured, e.g. t potassium 
permanganate. 

This has an important bearing on the preparation of freezing 
mixtures. Until the cryohydrate separates we are dealing with a 
univariant system, and hence, if the temperature is varied, the 
composition of the phase in equilibrium will vary. Similarly, if the 
composition is varied, the temperature must alter. If ice is added 
to the univariant system salt — solution — vapour, the temperature 
must fall and the ice melt, and if enough ice is added the cryohydrio 
temperature will ultimately be reached, provided that solid salt is 
added as fast as it dissolves. Similarly, if salt is added to the 
Bystem ice — solution — vapour, the concentration of the salt will 
increase, ice will melt, and the temperature will fall, and again this 
will take plaoe until the cryohydric temperature is reached, when 
the four phases can be in equilibrium. 

In the preparation of freezing mixtures, both these methods can 
be used. In either case, there is an absorption of heat, and the 
temperature falls to the cryohydric point, which is the lowest 
temperature that can be attained. In practice, this temperature is 
very rarely reached owing to radiation, and absorption of heat by 
the solution formed. The latter can be counteracted by allowing 
the solution to drain off as soon as it is formed, and the former by 
increasing the rate of cooling, which can be brought about to a 
certain extent by rapid and intimate mixing of the components* 
Hence, it is better to use snow than ice in preparing a freezing 
mixture. 

it is possible to have four phases present in a system of the type 
now under consideration, without ice being one of them This is so 
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where there ia a ehange in the solid phase, as with sodium sulphate. 
Thus, at the point B in the solubility curve of sodium sulphate 
(Fig. 143), there are the phases anhydrous salt — hydrated salt — 
solution — vapour, and it is in fact a eutectic point, just as when 
one of the phases is ice. Where there is a possibility of the forma- 
tion of a large number of hydrates before the salt melts, there are a 
number of these eutectic points in the solubility curve. This is well 
shown in the case of ferric chloride, the solubility curve of which is 
given in Fig. 145. 



Fia. 145. — Solubility of Ferric Chloride Hydrates. 

Tho curve AB shows the effect of adding ferric chloride to ice. 
It is, in fact, the freezing point curve of ferric chloride solutions, 
and B is the cryoliydric point, — 55° C. If the solution is allowed to 
warm, and ferric chloride is added to keep the solution saturated, 
the curve BC is followed. This is the solubility curve of the dodeca- 
hydrate. At C this compound melts completely, and addition of 
anhydrous ferric chloride results in the formation of the compound 
Fe 2 Cl 4 .7H,iO. The solubility curve falls until the point D is 
reached, where there are again four phases, the dodecahydrate, 
Fe a Cl e .12H 2 0, existing in equilibrium with the heptahydrate, 
Fe 8 Cl 6 .7H 8 0. This is in reality, then, another eutectic point. If 
the solution is warmed, more ferric chloride will dissolve, and a 
flimihr curve is followed through E to F, the euteotio point for the 
hydrates and Fe,Cl 4 .5H f O. This goes on until 
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finally the curve is the solubility curve of anhydrous ferric chiorido, 
ending at the melting point of the pure salt. Points such as C, 6, 
E and I are called congruent melting points. 

The various parts of this curve can be looked upon in a slightly 
different way. Starting from the point C, the curve OB represents 
the effect of adding water to Fe a Cl e . 12H a O, and therefore involves a 
lowering of the freezing point, whilst the curve CD represents the 
addition of ferric chloride to it, which again must lower the freezing 
point, so the curve drops away on both sides of the point C. Similar 
explanations oan be given for the other humps. 

It is clear that the number of these humps that can bo detected 
on the solubility curve indicates the number of hydrates which are 
capable of existing in the solid state, and this therefore provides a 
valuable method of investigating hydrates. It must be dearly 
understood, however, that the solubility curve gives no evidence 
whatever as to the existence of hydrates in solution. 

The dotted lines in the curve of solubility of ferric chloride 
represent metastable states that have been realised experimentally 
by taking the necessary precautions. 

213 . Supersaturation and Suspended Transformation.— The occur- 
rence of a point such as B in the solubility curve of sodium sulphate 
(Fig. 143), or D, F, H, or J in the solubility curve of ferric chloride 
(Fig. 145), depends upon the co-existence of four phases. Sometimes 
the fourth phase does not appear, and consequently the point is 
not obtained. Thus, it is possible to follow the dotted lines in the 
two solubility curves just mentioned, since the fourth phase is not 
always formed. On cooling a solution of sodium sulphate from 
above the transition temperature, say 32-6° C., to room tempera* 
ture, the hydrated form, NaoS0 4 .10H 2 0, may not be produced at 
this temperature, so the solubility curve may be continued along 
the dotted line to D, and with great care even to F. It is thus 
possible to follow the solubility curve of a substance past the point 
at which it ceases to be the stable form. It is seen from the curves 
drawn that the solubility of the metastable form is greater than 
that of the stable form. This is analogous to the vapour pressures 
of stable and metastable states (§ 133). It is clear then that a 
solution of a metastable form must be more than saturated (super- 
saturated) with respect to the stable form. If the fourth phase is 
added to the solution in the form of a small crystal of the stable 
form, it follows that deposition of the stable form must take place 
until the concentration of the solution corresponds to the solubility 
of the stable form. It is therefore easy to bring about the deposition 
of the stable form irom a solution containing the metastable form 
merely by adding a crystal of the phase required. 
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A similar case to this is the failure of some saturated solutions to 
deposit crystals when they are cooled beyond the point at which 
crystals would normally appear. This gives rise to supersaturated 
solutions. This behaviour is usually found with salts which 
crystallise with water of crystallisation. It is rarely found with 
anhydrous salts, though a good example of an anhydrous salt which 
easily forms a supersaturated solution is sodium chlorate. 

The crystallisation of a solution which is supersaturated is readily 
brought about by the addition of a small crystal of the solute, or by 
the addition of dust particles or other nuclei about which crystallisa- 
tion can take place. It is therefore a difficult matter to preserve a 
supersaturated solution in air, unless only air which has been 
filtered from dust particles is allowed to come into contact with the 
solution. Deposition of crystals from a supersaturated solution 
can also be brought about by mechanical disturbance, such as 
shaking, or rubbing the walls of the vessel with a glass rod (see also 
§ 140). 

214. Effect of Pressure on Solubility. — It is to be expected that 
solids which dissolve in a solvent with contraction of volume will 
have their solubility increased by the application of pressure, and 
that, conversely, substances which dissolve with increase in volume 
will have their solubility decreased by increase in pressure. This is 
a direct consequence of the principle of Le Chatelier (§ 138), and has 
been verified experimentally. Thus, when sodium chloride dis- 
solves in water there is a contraction. At a pressure of 1 atmosphere 
the solubility at 18° C,, expressed as the number of grams of salt in 
100 gms. of solution, is 26*4. At a pressure of 500 atmospheres the 
solubility increases to 27*0. 

215. Effect of Particle Size on Solubility. — When preparing a 
solution, the solute is usually pow dered in order to increase the rate 
of solution. It is obvious that if the solvent can be in contact 
with a greater surface it will be able to dissolve the solid more 
quickly. In addition to assisting the rate of solubility, the particle 
size also makes a difference to the actual solubility. A saturated 
solution of calcium sulphate at 18° C. contains 2-085 gms. of the 
salt per litre when the particles are of ordinary size, but this increases 
to 2*476 gms. when the particles are reduced to a diameter of 0*3 ft 
(1 ft «= 1 micron =* 0*0001 cm.), about one-seventh of the ordinary 
size. The solubility of barium sulphate is almost doubled when the 
particle size is reduced from a diameter of 1*8 ft to 0*1 ft. This is 
clearly of importance in quantitative analysis. The more granular 
the precipitate the less will be lost in the washing processes. 

The reason for this change in solubility lies in the increase in 
surfaoe forces when the particles are smaller. It is well known that 
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the pressure inside a bubble is greater the smaller the bubble. In 
fact,, the pressure is given by 2T/r, where T is the surface tension 
and r the radius of the bubble, supposed formed inside a liquid. 
Now it must be supposed that similar forces to surface tension act 
at the surface of a solid. There is a great deal of evidence for this, 
view based on adsorption and catalysis and other phenomena. If 
this is so, there must be a greater tendency for the smaller particle 
to expand, or to dissolve, since by that means it can reduoe this 
internal pressnre. Hence, it will be more soluble than the larger 
particles. 

In the measurement of the E.M.F. of cells in which the electrodes 
are covered with a fine powder, the. increased solubility of finely 
powdered substances has frequently been noted. If a cell is made 
up of two calomel electrodes, the electrode covered with the more 
finely powdered salt becomes positive to that oovered with the 
coarse salt, owing to the difference in solubility (§ 277). 

Reactions also proceed more rapidly when the reactants are 
finely powdered. This is probably due to increased surface forces. 

216. Distribution of a Solid between two Non-miscible Solvents. — It 
has already been shown that in a system gas — liquid, the gas distri- 
butes itself in a definite ratio between the liquid itself and the space 
above the liquid, the concentration of the gas in the space above 
the liquid, divided by that of the gas in the liquid, being a constant. 
This is Henry’s Law (§ 189). An identical law holds for the distribu- 
tion of a solid or liquid between two liquids. When a liquid or 
solid distributes itself between two liquids, the ratio of the concen- 
trations in the two liquid phases is constant, provided the substance 
dissolves in both solvents in the same form, t.e., provided that no 
chemical combination takes place between the solute and either of 
the solvents, and that no association or dissociation takes place. 
Stated mathematically, 

c 1C « K y 

where c is the concentration in one solvent and C that in the other. 
K is called the distribution coefficient, or partition coefficient. This 
is known as the Distribution Law (or sometimes the Partition Law) 
and is simply Henry’s Law applied to solid or liquid instead of gas. 

It is seldom found that the values of e/C are strictly constant 
through a series of determinations with different concentrations. 
The instances in which the ratio is reasonably constant over a 
considerable range which have been investigated include the 
distribution of hydrogen peroxide between water and some organio 
liquids, boric arid between amyl alcohol and water, iodine between 
water and chloroform, bromine between water end bromofonn, 

£ 
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iodine between water and carbon disulphide, and phenol between 
water and amyl alcohol. It is not difficult to devise methods for 
analysing the phases in all these instances. 

As with Hemy's Law for gases, the Distribution Law does not 
•hold where any change in the molecular condition of the distributed 
substance occurs when it dissolves in either solvent. The difficulty 
with liquid systems is that the corrections frequently have to be 
made in both liquids. The principle to be used is that the Distribu- 
tion Law holds for those molecular species which aje identical in 
the two solvents. 

Consider first the instance where the substance dissolves without 
dissociation in liquid A, but dissociates in liquid B. 

Let C x be the concentration of undissociated molecules in A, 
C t the total concentration in B, determined by analysis, and a 
the degree of dissociation. Then, by the ordinary law, the con- 
centration of undissociated molecules in B must be U 2 (l — a). 
Only the undissociated molecules can be in equilibrium, as there 
are no dissociation products in A to be in equilibrium with those 
in B. 


Hence, 


Cl 


= K. 


If there is dissociation in both liquids to different extents , the 
problem becomes more complicated. Thus, let a A be the degree of 
dissociation in liquid A, and a B the degree of dissociation in liquid B. 
Let the concentration of the substance as determined by analysis 
(i.e., total of undissociated and dissociated molecules) in liquid A be 
and in liquid B, C B . Then, by the Law of Mass Action (§ 153), 
assuming the dissociation to take place into two components, we 
have 


Hence, 


(1 — oc A )C A 1 1 — a A 

_ -K,+ VKS + 4£ x C k 
A 2C a 

Similarly, for liquid B 

0*iA]* _ K _ Cn«n* 

(1-« B )C B 8 l-a B 

_ -*,+ V/T 2 » + 4AV7 r 


and 


2<7„ 


( 1 ) 


( 2 ) 


Nov, by Nemst’s statement, the undissociated molecules in A will 
be in equilibrium with those in B. Henoe, 

CaO -«a) 

— « B ) 


K 


(3) 
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Substituting for a A and oc B from (1) and (2), we have 

VKS + 4 TQT k K x 
t'A 2 p — 

C VZT+M '^~7 K t =K * * 8 * (4) 

2 + T 


20 a + Z,- vg 7£4g7^ A _ r 

2C b + K t - V^2 2 + 4A' 8 G’b 


. («) 


We have two methods of testing this expression. Either we oan 
work from equation (3) or from (5), according to the data at our 
disposal. If we know the degrees of dissociation we shall use 
equation (3). If we know the equilibrium constants we shall 
use (5). 

Let us consider now the case of association in one phase and 
normal solution in the other. The reaction occurring may be 
represented as 

X v~ hX v— (X)n. 


If we analyse the phase in which normal solution has occurred, 
we shall obtain the concentration of the simple molecules in that 
phase (C7,), but if we analyse the other phase we find not only the 
concentration of single molecules, but also that of associated 
molecules. We have to find from this the concentration of single 
molecules only. Let the total concentration in this phase be C v 
By applying the Law of Mass Action to the equilibrium in this 
phase, we find, if a is the degree of dissociation of associated into 
simple molecules, 

But (7*o c is the concentration of simple molecules in the seoond 
phase, and hence the Distribution Law states 

Cl z - 

cp - «) 

whence we have the relationship 

C i v* 

^C £ (l-a) 

We oan thus determine the degree of association in a solution. 
The above calculations apply whether the dissociation is of complex 
molecules into simpler ones (as supposed in the calculation), or if it 
is electrolytic. 

It is easy to work out the other cases where we have combinations 
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of these already given. The results are given in tabular form 
below 


Phase 1 

Phase 11 

Relationship 

Cl 

Ot 

Normal 

. Normal 

• k -7 T 

o t 

Normal 

. Association 

K — Cl 

-■> 

Dissociation 

. Association 

„ Ci(l — «) 

tfc.(i -O 

Normal 

. Dissociation 

K*= 

C,( 1 - a) 


It must be remembered that in all these oases we have assumed 
that the Law of Mass Action (§ 153) holds, and that the species 
distributed is the simple molecule. 

It is clear that the experimental study of 
the distribution of a substance between two 
liquids may prove instrumental in deciding 
whether it is associated or dissociated in any 
particular solvent and to what extent this 
change has taken place. In the case of electro- 
lytic dissociation it is not so easy to use the 
method, since it is unusual to find a strong 
electrolyte whioh will also dissolve in a liquid 
which is not miscible with water. 

Distribution may also be used in the study 
of other equilibria. Thus, the equilibrium constants of some 
reactions can be determined. Suppose we have a substance A, 
whioh will distribute itself between two solvents, and suppose that 
in the second solvent there is another substance, say B, with which A 
can form a compound AB. Suppose the upper layer contains z gms. 
of A. This is known by analysis. Let the bottom layer contain 
initially x gms. of A and y gms. of B. If the distribution coefficient 
is C, the bottom layer must contain Cz gms. of A, assuming the 
volume of both layers to be the same. Hence x — z — Oz gms. of 
A must have combined to form AB. The weight of AB can thus be 
calculated, and the weight of free B deduced. This gives all the data 
required for calculating the equilibrium constant. 

The use of the method in the determination of the degree of 
hydrolysis of salts is described on p. 564, in connection with the 
degree of hydrolysis of aniline hydrochloride. The theory of this 
experiment may be studied at this point. 

The reaction between iodine and potassium iodide in the formation 
of I t ~ ions has been studied by investigating the distribution of 


A 

i — : 

A + B^AB 
Fig. 140. 
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iodine between an organic solvent, such as chloroform, and an 
aqueous solution of potassium iodide. In a similar way, the existence 
of the Br 3 “ion in aqueous solution has been shown, and the hydro- 
lysis of chlorine (H 2 0 + Cl 2 ^- IICl + HOC1) has also been studied. 
Dawson showed the existence of the compound CuS0 4 .4NH 3 by 
investigating the distribution of ammonia between chloroform and 
aqueous solutions of copper sulphate. 

Although this method can be widely used, it must be borne in 
mind that a knowledge of the equilibria occurring in each phase is 
necessary if trustworthy results are to be gained. 

217. The Process of Extraction. — In organic chemistry, when it is 
necessary to separate a substance from a solution, recourse is 
frequently had to the process of extraction, in which the solution 
containing the substance required is shaken up with some solvent 
in which the required substance is more soluble, and the solutions 
separated. This is an example of the application of distribution. 

It is frequently asked whether it is more economical to extract 
with all the liquid at one’s disposal straight away, or to use it in 
several portions, separating each time. Thus, suppose we require 
to extract some succinic acid from aqueous solution with ether, 
and there is a given volume of ether at our disposal. Will it las 
more economical to use all the ether at once, or to use it in a number 
of portions ? 

This question can be answered by a simple calculation. Let 
W c.c. of a solution, containing x tt gms. of substance, be extracted 
with A c.c. of a solvent. Let be the number of grams of unex- 
tracted substance. Then, the concentration of the substance in the 
extracting liquid will be 

X o ~ X \ 

A ’ 

and in the original solution 



Hence f by the Distribution Law, 


x i 

W 


v-5 


KW(x 0 — x x ) _ 


= x a 


KW . 

kwT~A 
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After a further extraction, with A c.c. of solvent, suppose that 
x t gms. remain in the original solution. Then, 

KW _ ( KW \* 

** " = Xj KW + A“ ** \2T1F +a)' 

After the nth extraction, the quantity unextracted will be 

X -rf KW T 
* 'LKW+AJ 

If all the extracting liquid had been used at onoe t 


— E \ x n — x 9 


nA + K I 


and thus it is more economical to use it in portions. A numerical, 
example will make this quite clear. An acid A is to be extracted 
from aqueous solution, in which it dissolves without dissociation, 
by means of ether. Fifty grams of the acid are dissolved in 1 litre 
of water. The distribution coefficient of the acid between ether 
and water is 3. One litre of ether is to be used in the extraction. 
Compare the amounts of acid left in the aqueous solution, (a) after 
extraction with the whole of the ether at once, and (6) after extrac- 
tion with five portions of 200 c.c. 

Case (a). Extraction with all the ether at once. Let x be the 
concentration in grams per litre in the ether layer. Then, by the 
Distribution Law, 

* 3 

50 - x " T f 
x = 37-5. 

Hence, the amount left will be 12*5 gms. 

Case (6). Extraction in five portions of 200 c.c, Let x be the 
concentration in grams per litre in the ether layer in the first extrac- 
tion. This time there are only 200 o.c. of ether, and so the actual 
weight extracted will be x/5 gms., leaving the concentration in the 
aqueous layer (50 — x/5) gms. per litre. Hence, by the Distribution 
Law, 

x _ 3 

x 1* 

60-1 

o 

x = 9375. 

The amount extracted is thus 18*75 gms., leaving unextracted 
31*25 gms. 

Let *1 be the concentration in grams per litre in the ether layer 
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in the aeoond extraction. The weight extracted will he *i/5 gmi., 
leaving in the aqueous layer ^31-25 — | gms. per litre. Hence, 



z 1 — 58-6 gms. 

The amount extracted is 11-7 gms., leaving unextracted 19-55 gms. 

In the third extraction, if x t is the concentration in grams per 
litre in the ether layer, by similar reasoning to the above, 

Xj _ 3 

19-55 - — 1 

5 

x % ~ 36*6 gran. 

The amount extracted is 7*3 gms., leaving unextracted 12-25 gms* 
By similar calculation, the amount extracted in the fourth 
extraction is 4*52 gms., leaving unextractcd 7*73 gms., and in the 
final extraction the amount extracted ife 2-8 gms., leaving un- 
extracted, as a result of the whole series of operations, 4-93 gms. 

It is obvious from this calculation that it is considerably better 
to use the extracting solvent in small portions. 

Using the formula 

f K W -!• 

~ x ' \_KW -f L] • 

we have, x, = 50, K = 0*33, W « 1,000, L — 200, n = 5. Hence, 



== 4*76 gms. 


This value differs slightly from that derived by taking all the steps 
separately, because in the former, approximations have been used 
in certain stages of the calculation. 

Li extraction from water, the greater the distribution coefficient, 
the more rapidly can the substance be extracted from the aqueous 
phase. It is frequently possible to increase the distribution 
coefficient artificially by making the substance less soluble in the 
aqueous phase ^ This can be done by adding some substance which 
depresses the electrolytic dissociation of the compound being 
extracted (§ 288). Thus, suppose that an organic add, whioh ionises 
to a oertain extent in aqueous solution, is to be extracted with 
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ether. If a strong inorganic add is added to the solution, the 
hydrogen ion concentration is increased, and the ionisation of the 
organic acid is reduced. In the solution there will now be a greater 
amount of undissociated acid, and hence the amount extracted will 
be greater, the ionised acid not being extracted by ether. An 
organic base can best be extracted in the presence of a strong 
inorganic base^ The addition of salts will also frequently lower the 
solubility of an organic compound in water (salting-out effect), 
and thus increase the distribution coefficient. 

218. Recrystallisation. — A method of purification frequently 
adopted is to make use of the different solubilities of the pure 
substance and the impurity. The impure substance is dissolved in 
a solvent particularly chosen for the purpose, and then by lowering 
the temperature, or removing some of the solvent by evaporation, 
the less soluble, or more abundant, substance crystallises out. 
Suppose we have a substance containing an impurity. Enough 
solvent is added completely to dissolve the substance, and if too 
much is taken the solvent is evaporated until crystals appear. 
Or, the solvent may be added hot, and when it cools crystals will 
come down. Now, when crystals just appear, the solution will be 
saturated with respect to the pure substance, but not with respect 
to the impurity, for the concentration of this is much smaller. 
Consequently, the pure substance only crystallises out, until the 
solution becomes saturated with respect to the impurity. Of 
course, the crystals which are taken from the solution will contain a 
small amount of the mother liquor, which will be a concentrated 
solution containing the impurity, and so there is bound to be a small 
amount of impurity on, but not in, the crystals. This can be 
partly removed by careful drying of the crystals in a centrifugal 
machine, but a second or third recrystallisation is usually needed to 
give a satisfactory degree of punty. 

There is always a loss of material when a purification is carried 
out by means of recrystallisation, for a time is reached when the 
solution is saturated with respect to both pure substance and 
impurity. Further separation cannot then be effected. The 
greater the difference in solubility of the two substances in the 
solvent chosen, the more efficient will the prooess be, for the ambunt 
of the less soluble substance (the substance required) present in a 
solution when it becomes saturated with the impurity will be 
smaller. 

In manufacturing processes where recrystallisation is used, the 
process is not so simple as that outlined above. The temperature 
is carefully regulated, and various solvents are used by means of 
which more complete separation can be made. 
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F. SOLUTIONS OF SOLIDS IN SOLIDS 

219. Solid Solutions. — When two substances are melted together, 
and the liquid cooled, it sometimes happens that instead of either 
component being deposited in the pure state, both substances are 
deposited at once. This is usually the case when substances are 
isomorphous. The solid thus deposited is called a solid solution j 
for, although a mixture, it is perfectly homogeneous, just as a 
solution of a solid in a liquid is homogeneous. 

Solid solutions are most frequently met with in alloys. Thus, 
silver and gold, and cobalt and nickel, mix with each other in all 
proportions forming solid solutions. 

When one metal dissolves in another, it lowers the melting point ; 
just as, when a salt is dissolved in a solvent, the freezing point of the 



— freed ng point 
curve, 

— — melting point 
curve. 


solvent is lowered. Thus, if tin is dissolved in lead, the melting 
point of the lead is lowered. When a solid solution is heated it 
begins to melt, but does not all melt at once. The melting point 
of a pure solid is sharp, whilst that of a solid solution is not sharp, 
the melting taking place over a range of temperature. Thus, the 
composition of the liquid produced when the soKd solution melts is 
not, at first, the composition of the solid solution ; only when melt- 
ing is complete is this composition attained The temperature at 
which solid begins to be deposited from the cooling liquid solution 
is usually called the freezing point of the mixture, and the tempera- 
ture at which liquefaction just begins when the solid solution is 
heated is usually called the melting point. It is dear that there 
will be two temperature-composition curves of this system, showing 
(a) the composition of the liquid, and (6) the composition of the solid 
at any given temperature. The first is called the liguidus , and the 
second the solidus curve (Fig. 147). 

This phenomenon is met with sometimes when determining tie 
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melting point of an organic substance. Indeed, it is a usual method 
of recognising the presence of an impurity. If the substance is 
pure, the melting point is sharp ; if impure, the substance melts 
over a range. 

220. Freezing" /tint Curves of SoBd Solutions. — There are three 
types of freezing point curve, just as there are three types of vapour 
pressure, or boiling point, curves for liquid solutions, already con* 
sidered (p. 433). Indeed, the two oases are very similar. 

The three freezing point composition curves me shown in Fig. 148. 

In Curve I the freezing points of all mixtures He between the 



freezing points of the pure components. It is rather unusual for 
this type of curve to be found, for it indicates ideal solution, a 
phenomenon rarely met with in the case of liquids, and therefore 
likely to be more rare in the case of solid solutions. Examples of it, 
however, are the solid solution of jS-naphthol in naphthalene, and 
that of anthracene in phenanthrene. 

In Curve II the freezing point curve passes through a maximum. 
Again, few cases of this are known. 

In Curve HI the freezing point curve passes through a minimum, 
and this is the most oommon occurrence. 

The dotted lines in Fig. 148 represent the melting point ourves. 

The curves given are the simplest types ; more complicated cases 
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are usually observed, though they are modifications of the simple 
types. 

221. Fractional Crystallisation of Solid Solutions. — Exactly similar 
considerations govern the fractional crystallisation of solid solutions 
as have been applied to the question of the fractional distillation of 
completely miscible liquid mixtures. 

Consider the liquidus-soiidus curve shown in Fig. 149. Each 
point on the continuous line AB represents the composition of the 
liquid in equilibrium with the solid, the composition of the latter, at 
any given temperature, being indicated by the corresponding point 
on the dotted line. In other words, the oontinuous line is the 



freezing point curve ; the dotted line the melting point curve. Hie 
e xamp le given corresponds to Curve I in the previous section. 

Consider a fused mixture of two substances, A and B, of the 
composition and temperature represented by the point a. This is 
cooled, and when it reaches the temperature represented by 6 a 
solid begins to separate, which will have the composition given by c. 
If, however, the mixture is allowed to oool to d, the solid separating 
has the composition given by e. Suppose the solid of this latter 
composition is removed from the system, and is then re-heated. 
It begins to melt at the temperature indicated by s, but is not 
entirely molten until a temperature given by the point/ is reached. 
On oooling the liquid thus obtained, solid begins to form at the 
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temperature given by/, but its composition is g. It is to be noted 
that this solid is richer in B than the original. If the process is 
repeated, an almost complete separation into the two components 
can be effected. Theoretically, however, this would require an 
infinite number of operations, and so is impossible. It is possible, 
however, so to carry out the fractionation that the components are 
obtained as pure as is necessary. 

As in the case of fractional distillation, it is impossible to effect 
complete separation when dealing with solid solutions for which the 
other types of freezing point-composition curve hold. A little con- 
sideration will show that if the freezing point curve has a maximum, 
fractional crystallisation will ultimately give a mixture having the 
composition corresponding to the maximum freezing point, and the 
liquid phase will get richer in the component which was in excess. 
If the freezing point curve has a minimum, the solid separating will 
be one of the pure components, whichever was taken in excess, and 
the liquid phase will approximate to the composition corresponding 
to the minimum freezing point. 


SUMMARY 

A solution is a perfectly homogeneous mixture. 

A. Solutions of Oases in Oases . — Dalton’s Law of Partial Pressures 
states that the pressure exerted by a gaseous mixture is equal to the 
sum of the pressures which the constituents would exert if each occupied 
separately the volume of the mixture. 

B. Solutions of Oases in Liquids . — The volume of gas absorbed by 
1 c.c. of a liquid at any given temperature and pressure is the solubility 
of the gas. The volume of gas which would dissolve in 1 c.c. of the 
liquid if the prossure were 760 mm., and the temperature 0* C., is the 
absorption coefficient of the gas. 

Gases are usually less soluble in salt solutions than in water. This 
may be duo to the hydration of the salt, water being removed and unable 
to act as a solvent for the gas. 

Gases are usually less soluble at higher than at lower temperatures.* 
On heating a solution of a gas, the gas is usually expelled, but sometimes 
forms a constant boiling mixture (e.gr., HC1, HBr, etc.). 

Henry’s Law states that the mass of gas dissolved by a given volume 
of liquid at constant temperature is proportional to the pressure of the 
gas. The law may be stated in other ways : (a) the volume of gas 
absorbed is independent of the pressure, or (&) the concentrations of any 
single molecular species in two phases in equilibrium bear a constant 
ratio to each other at constant temperature. 

Henry’s Law is subject to deviations owing to non-ideality of the 
gases, compound formation, and dissociation or association of the gas 
in solution. 

(7. Solutions of Oasts in Solids . — There are four types of solution : 
(a) formation of a perfectly homogeneous solution ; (6) formation of 
two or more solid solutions ; (c) formation of a chemical compound ; 
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(d) adsorption, f.e., taking up on the surface. To decide in which of 
these ways a solid has taken up a gas, the pressure-concentration 
diagrams may be studied. 

D. Solutions of Liquids in Liquids . — The types occurring are illus- 
trated by (a) phenol-water : giving an approximately parabolic solu- 
bility curve. At any temperature below 66*5° C M there are two phases ; 
above it, the liquids are completely miscible. This temperature is called 
the critical solution temperature, (b) T riot hylamine- water : below 
18-5° C., the liquids are completely miscible ; above it they are partially 
miscible, and two phases are foimed. (c) Nicotine-water : below 00*8° C. f 
and above 208° C., the liquids aro completely miscible ; between these 
two temperatures there is only partial miscibility. The vapour pressure 
curves "of binary mixtures of completely miscible liquids fall into three 
classes / (a) the curve shows neither a maximum nor a minimum ; 
(6) the L curvo shows a maximum ; (c) the curve shows a minimum. 
Only with liquids giving a curve of typo (a) can fractional distillation 
effect a separation of both the constituents. ^ 

E. Solutions of Solids in Liquids . — The solubility of a substanoe is the 
maximum weight of it which will dissolve in 100 gins, of the solvent at 
a given temperature. Breaks in the solubility curve indicate change 
of phase in contact with the solution, e,g. f change in hydration of a salt. 
Particle size influences solubility. The smaller the particle, the greater 
the solubility. A solid, which dissolves in two immiscible solvents, will 
distribute itself between them when shaken up with both together. 
The law governing the distribution is analogous to Henry’s Law, and 
states that c/C =» K, where e and O are the concentrations in the two 
liquids and K is a constant. Modifications of this law are necessitated 
by the occurrence of dissociation, association, or compound formation. 

F. Solutions of Solids in Solids . — Solid solutions. The freezing point 
curves of binary mixtures are similar to the boiling point ourves of 
binary liquid mixtures. Fractional crystallisation from a melt if 
analogous to the process of fractional distillation. 


SUGGESTIONS FOR PRACTICAL WORK 

Experiment 25. — To study the system phenol-water. 

Prepare sealed tubes containing the following amounts of phenol 


and water (approx.) : — 

Phenol, gm*. 

Water, gma. 

I . 

0-6 ' 

4-4 

II . 

10 

4-0 

in . 

1-5 

3-5 

IV . 

20 

3-0 

V . 

2-5 

2-5 

VI . 

3*0 

20 


Take the first tube, place it in a beaker of water of which the tem- 
perature (observed) is gradually raised. Shake, and note the tempera- 
ture when the turbidity suddenly disappears. Note also the 
temperature at which the two layers appear once more on oooling. 
Repeat these with the other tubes, taking in every case the m ea n of 
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the temperatures of appearance and disappearance of the turbidity as 
the temperature at which complete miscibility occurs. Plot the 
temperatures against the concentrations, expressed as percentages. 
The maximum of the curve is the critical solution temperature. (Theory, 
p. 429.) 

Several other experiments in which Phase Rule principles are involved 
are suggested at the end of Chapter VII. 

Experiment 20. — To determine the solubility of ammonia in water 
and in methyl alcohol. 

Use the method described on p. 411. Generate the ammonia by 
wanning the strong solution. 

Experiment 27. — To determine the solubility of oxalic acid in water. 

Adjust a thermostat for 25° C., and carry out the experiment as 
described on p. 441. Estimate the oxalic acid by means of standard 
permanganate. It is an interesting experiment to determine also the 
solubility of oxalic acid in N/10 sulphuric acid. Explain the result 
(Chapter XIII). 

Experiment 28. — To determine the molecular weight of nitrobenzene 
by steam distillation. 

Full instructions are given on p. 430. Instead of nitrobenzene, 
chlorobenzene may be used satisfactorily. 

Experiment 29. — To verify the extraction formula with succinic acid 
and ether. 

Try 200 c.c. ether, first all together, and then in five lots of 40 c.c., 
and see which is the more effective. The experiment is not altogether 
satisfactory owing to the solubility of ether in water. 

The experiment may also be carried out with bromine water and 
carbon tetrachloride. 


SUGGESTION FOR FURTHER READING 

Findlay, A. “The Phase Rule and its Applications.” (Longmans, 
1927.) 


QUESTIONS 

(1) State Henry’s Law. How far does it explain accurately the 
equilibrium between a gas and a solvent ? 

(2) How would you attempt to verify Dalton's Law. of Partial 
Pressures ? How may this law be deduced on the basiB of the kinetic 
theory ? 

(3) Discuss the absorption of hydrogen by palladium. 

(4) What are the characteristics of the solubility curves of (u) sodium 
sulphate in water, (6) phenol in water, (c) nicotine in water ? 

(5) Give the theory of fractional distillation. 

(0) How may the molecular weight of a substance volatile in steam 
be obtained from a steam distillation experiment ? What am the 
conditions that this experiment should give an accurate result ? 

(7) Deduce the general equation for extraction of a solid from 
solution by means of a liquid immiscible with the original solvent, 
with n extractions of v c.c. each. 
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(8) How would you distinguish between a solid solution and a solid 
chemical compound T 

(9) In a recent investigation of the system anthraoene-phena nt h r cne, 
Bradley and Marsh (J. C. S. t 1933, 650) obtained the following data : — 

Per cent, anthracene ) by 0 56 2-80 3*13) 5*06) 5-82 0-54 11-7 13-3 

Percent, phenanthrene j wt. 99-44 97-70 96-87 94-94) 94 1 8 90*46 88-3 86*7 

F.p., ° C. ... 98 3 101-2 102-6 106*fl 106-8 114-8 119-2 120 2 

M.p., °C. . . 97-8 99-2 100 0 101-4 102-0 105-0 107-2 107-6 

Per cent, anthra- 
cene by wt. . 20-5 27-1 28-9 36-4 44-4 58 -5 72-3 81-2 94-3 100-0 

Per cent. Fhen- 

an throne by wt. 79-5 72-9 7M 63-4 55-6 41-fl 27-7 18-8 5-68 0-00 

F.p., ° C. . 134-0 145-4 147-8 159-4 170 0 186-4 199-2 204-8 213-2 218-0 

M.p., • 0. . 113-5 118-2 120-8 126-2 133-2 147-8! 170-0 182-2 207-61 218*0 

Draw the liquid us -solidus curves, and discuss them. Also, find the 
melting point of pure phenanthrene. 



CHAPTER XI 


DILUTE SOLUTIONS 

222. Perfect Solutions. — In this chapter we shall deal with those 
properties of solutions which are common to all solutions, and the 
effect on these of altering the composition of the solution. Such 
properties are called colligative properties . 

Strictly speaking, these properties are none of them common to 
all solutions, but only to those solutions which are ideal, or perfect. 
It will be found that errors such as those encountered when dealing 
with gases prevent the perfect applicability of the laws discovered. 
A perfect solution is one for which the volume change accompanying a 
small dilution is additive. Thus, if we have 100 c.c. of a solution, 
and add 10 c.c. of water to it, the total volume would be 110 c.c. if 
the solution were perfect. This, however, does not hold for any 
solution. There is always a Blight deviation. The more dilute a 
solution is the more nearly does it approach ideality. That is why 
we shall deal in this chapter with dilute solutions only. The laws 
then discussed will be applicable to all dilute solutions to a close 
approximation ; but if we include strong solutions the laws no 
longer hold, because these are far from being perfect. 

223. Methods of Expressing Concentrations of Solutions. — The 
properties to be dealt with in this chapter are determined rather by 
the numbers of molecules present than by the actual weights of the 
substances present. The method of expressing the concentration 
of a solution by means of the weight dissolved in a given volume, 
t.e., grams per litre, although it oould be used, would be unnecessarily 
complicated. The best method is to express the concentration in 
gram-molecules per litre. Frequently the method of “ mol-fractions ” 
is used. If n. is the number of gram-mols. of the substance a, and 

that of the substance b contained in a given solution, then the 

mol-fraction of ais N m = — ~ — , and of 6, N b = — ~ — . 

^ ». + »* ». + *» 

Osmosis. — If a strong solution of oopper sulphate is placed 
at the bottom of a tall cylindrical vessel, and is then carefully 
ooverad with water, so that the heavier solution is not disturbed, 
the two layers ate, at first, more or less well defined. After some 
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months, however, the two solutions are found to have formed a 
mixture, in which the two layers can no longer be discerned. This 
happens even though convection currents (which could cause mix- 
ture) are completely prevented by keeping the apparatus at a 
constant temperature throughout the experiment. 

Some force must be acting upon the molecules of copper sulphate 
in the strong solution to cause them to become distributed through- 
out the liquid. This force is known as osmot ic p ress ure. The 
movement of molecules of solute goes on untlT the concen trati on 
throughout the solution is the same. The osmotic pressure it 
therefore a function of the concentration. 

If two solutions of different concentrations 
are brought into contact, the system is 
not in equilibrium. The osmotic pressure 
causes the molecules of the solute in the 
stronger solution to be transferred to 
the weaker solution until the osmotic 
pressures are equalised, when equilibrium 
is attained. 

The process may be looked upon in the * 
reverse way. The strong solution gradu- 
ally becomes more dilute, so that the 
existence of osmotic pressure causes the 
progressive dilution of the solution by the 
entrance of water. It is clear that if a 
strong solution of copper sulphate is placed 
in a vessel closed with a membrane through 
which water, but not the molecules of 
copper sulphate, can pass-a semi-perme- J*- diSSSSSTS 
able membrane — the copper sulphate solu- Existence of Osmotic 
tion will gradually get more dilute, water Piessme. 

entering the vessel. 

The phenomenon of osmosis was first observed by the AbW 
Nollet, who closed the end of a tube with an animal membrane, and 
filled the tnbe with sugar solution. The tube was then placed 
in a beaker of water, The water entered through the membrane, 
diluted the sugar solution, and rose in the tube. The experiment is 
easily carried out with the apparatus shown in Fig. 160. The 
thistle funnel A has a membrane (pig’s bladder) tied over the end. 
It is then filled with sugar solution and placed in a beaker of distilled 
water. The water rises in the stem of the thistle funnel until the 
hydrostatic pressure equalises the pressure driving the water in. 
This pressure is the osmotic pressure, and is measured by the height 
to whioh the solution will rise in the tube. 
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The osmotic pressure is caused by the force which tends to bring 
about equilibrium between the pure solvent and the solution. 

The first quantitative experiments on osmotic pressure were 
carried out with an apparatus like the above, using pig’s 
bladder as the membrane. Traube showed that inorganio 
substances would also act as membranes, for instance, copper 
ferrocyanide, Cu^FefCNlJ, precipitated when potassium ferro- 
cyanide solution is added to copper sulphate solution; It is neces- 
sary for a membrane of this sort to be supported in some way, and 
this was accomplished by producing the substance in the walls of a 
porous pot. It is a matter of great difficulty to get a porous pot 
suitable for the work. The pores must all be the same size, as 
otherwise certain parts of the pot have to bear more pressure than 
others, and the membrane is ruptured at that spot. 

Osmotic pressure is of great importance in physiological processes. 
The cell- walls are semi-permeable membranes, i.e., they allow some 
substances to go through, e.g., water, but not others, e.g., salt, in 
just the same way as the pig’s bladder. 

If a cell containing a solution of a definite osmotic pressure be 
placed in a solution of less osmotic pressure, water will enter the 
cell in an attempt to equalise the concentrations and bring about 
equilibrium. The oell will swell. If, however, the reverse is the 
case, the cell solution having the smaller osmotic pressure, water 
will leave the cell and it will shrink. If it is placed in a solution of 
the same osmotic pressure, water neither enters nor leaves the cell, 
and it remains the same size. Solutions having the same osmotic 
pressure are called isoionic solutions . 

(ty 225. The Experimental Determination of Osmotic Pressure. — 
(a) The Method of Pfeffer . — A special porous pot was taken, and 
prepared to take the membrane in the following way : the pot was 
first treated with a dilute solution of potassium hydroxide, and 
then with a 3 per cent, solution of potassium nitrate, after which it 
was washed out and dried. It was then filled with water, and the 
water forced into the pores by pressure. It was afterwards placed 
in a 3 per cent, solution of copper sulphate for some time to allow 
the salt to get well into the pores, and a solution of the same salt 
was placed inside the pot. The interior of the pot was washed out 
and quickly dried. The cell was then allowed to stand in air until 
the outside was just wet, when it was filled with a 3 per cent, solution 
of potassium ferrocyanide and again placed in the copper sulphate. 
After this, the cell was tested for various pressures. 

In carrying out an experiment, the cell was filled with a solution, 
usually sugar, of which the osmotic pressure was required. A 
mercury manometer was fixed to the cell, and the whole was placed 
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in water kept at a constant temperature in a large tank. Water 
entered the cell, and the pressure attained was measured by the 
manometer. 

(6) The Method of Morse and Frazer , — Morse and Frazer improved 
upon Pfeffer’s method in several details, although the general 
procedure was the same. The chief innovation was the deposition 
of the copper ferrocyanide membrane electrolytieally, a more even 
deposit being thus obtained. The cell was filled with a M/10 
solution of copper sulphate, and placed in a vessel containing M/10 
potassium ferrocyanide, platinum electrodes being placed in both 
solutions. The electrodes were connected to a battery, and the 
copper ions were driven out of the pot, whilst ferrocyanide ions 


Water 

Gauge 



Fio. 151. — The Apparatus of Berkeley and Hartley (diagrammatic). 


were drawn into it. Whore they met, somewhere in the wail of the 
pot, they combined and formed the membrane. 

Morse and Frazer also used great care in choosing the correct pots 
for high pressure work. The results obtained by these observers 
are the usually accepted ones. They determined the osmotic 
pressure of cane-sugar solutions up to 91 per cent, strength, the 
strongest solution giving an osmotic pressure of 273 atmospheres, 

(c) The Method of Berkeley and Hartley . — An important change in 
method was used by the Earl of Berkeley and E. G. Hartley, 
Instead of measuring the osmotic pressure directly, they measured 
the force necess&iy to prevent the entrance of liquid into the pot, 
so what they actually did was to counterbalance the osmotic pressure 
by an external pressure, the value of the latter giving the value of 
the osmotic pressure. The apparatus is represented diagram- 
matically in Fig. 151. 

The results of the method agree with those of Morse and Frazer. 
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The same investigators have also used a dynamic method of 
measuring the osmotic pressure, by determining the rate of flow of 
solvent into the solution. 

(d) Methods of Comparing Osmotic Pressures . — As has already 
been mentioned, the cells of plants and animals have walls composed 
of semi-permeable materials through which water can pass. De 
Vries applied this fact to the determination of relative osmotic 
pressures by placing cells in the two solutions to be compared and 
noting how much each had to be diluted in order to give a solution 
of which the osmotic pressure was the same as that inside the cell. 

Tammann has used an ingenious method based on the detection 
of the currents produced when one liquid flows into another of 
different density. When no currents were observed, the solutions 
were isotonic. 

228. The Laws of Osmotic Pressure. — The following is a table of 
the results of Berkeley and Hartley's determination of the osmotic 
pressure of sucrose solutions at 0°C. In the last column, the 
pressure ( P ) has been multiplied by the volume containing one 
gram-molecule of the sucrose ( V ). 


Table LXXVIIL— Osmotic Pressures of Sucrose Solutions 
(Berkeley and Hartley) 


Concentration. 

| Osmotic Pressure, 

P. 

Volume containing 

1 Rram-mol., 

V . 

PV. 


Atm. 

Litres. 


2-02 gm./litre 

1 ■ 

169-3 

22-7 

10-0 


34-2 

22-6 

20 0 „ • 

1-32 

17-1 

2!-6 

430 

2-97 


22-6 

93-75 

6-18 

3*65 

22-5 


It is at once seen that the product P V is constant, a relationship 
recalling the behaviour of a gas, and corresponding to Boyle's Law. 

Since the product of the osmotic pressure and the volume contain- 
ing one gram-molecule of solute is constant, the osmotic pressure 
divided by the concentration must be a constant. Thus, osmotic 
pressure is directly proportional to the concentration. 

It is clear that Boyle’s Law may be applied to dilute solutions if 
the pressure used in the equation is the osmotic pressure developed, 
and the concentration is the reciprocal of the volume containing a 
given weight of the solute. 
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It is remarkable that the effect of temperature on osmotic pressure 
is also similar to the effect of temperature on the pressure of a gas. 
The pressure is proportional to the absolute temperature. The 
table below shows the variation of the osmotic pressure of sucrose 
solutions with temperature according to observations by Morse and 
Frazer. 


Table LXXIX. — Effect of Temperature on Osmotic Pressure 
of Sucrose Solutions 



T t * Abs 

Oamotlc 1‘roMura, P. 

PIT . 

0 

273 

7*085 

0-02594 

10 

283 

7-334 

0-02591 

20 

293 

7-005 

0 02595 

25 

298 

7*720 

0-02594 


As the osmotic pressure of a solution is both proportional to the 
concentration, and to the absolute temperature, an expression such as 

PV = KT 

must govern the combined effect of these variables. K is a con- 
stant. 

Using the data that have been obtained experimentally, the value 
of K may be calculated. Taking the data for the concentration of 
10 gm./litre, we see from Table LXXV1II that the value of the 
osmotic pressure is 0*66 atmos. The volume containing one gram- 
molecule is 34*2 litres, and the temperature is 0 °C., t.e., 273° Abs. 

Inserting these in the equation, we have 

PV » KT, 

0-66 x 34*2 = K x 273, 

K = ^ ^ 0*0824 litre-atmos. per degree. 

This is in good agreement with the gas constant It , which op the 
same system of units is 0*0821 litre-atmos. per degree (§ 76). 

There are, then, clearly marked relationships between osmotic 
pressure and gas pressure. The same laws govern both. This can 
be put into a statement as follows : The osmotic 'pressure of a dilute 
solution is equal to the pressure which the solute would exert if it were a 
gas at the same temperature , and occupying the same volume as the 
solution. 

The first to note this relationship was van’t Hoff, making use of 
Pfeifer’s observations. Whilst this law is true for non -electrolytes. 
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such as sugar and other organic substances, it does not hold for 
electrolytes, which give higher values for the osmotic pressure than 
required by this theory. The reasons for the deviation of electro- 
lytes from the laws of dilute solutions will be taken up in greater 
detail later (§ 256). 

^227. Determination of Molecular Weights of Substances in Solution 
by means of Osmotic Pressure. — Since we know that osmotic pressure 
is related to the volume of a solution containing one gram-molecule 
of a substance by the relationship 

PV » 0 0821 T 

when P is measured in atmospheres, V in litres, and T in degrees 
Absolute, it is clear that if we measure P and T we can find V. 

To determine the molecular weight of a substance in solution by 
the osmotic pressure method, the osmotic pressure of a solution of 
the substance of known strength is determined at a definite tem- 
perature. Inserting the values of P and T in the above equation, 
the volume of solution containing one gram-molecule of the solute 
is obtained. Since the weight of solute dissolved in a given volume 
of solvent is known, the molecular weight is easily calculated. 

The method is not frequently employed owing to the great 
difficulties attendant upon osmotic pressure measurement. 

>'228. Numerical Examples. — Some numerical examples will make 
the method of calculation quite clear. 

\J1) Ten grams of a substance were dissolved in 250 o.c. of water, 
and the osmotic pressure of the solution was found to be 600 mm. of 
mercury at 16° C. Find the molecular weight of the substance. 

Let M be the molecular weight of the substance. Then 10 gms. 

correspond to - gram-molecules. This is dissolved in 250 c.c. of 
M 

water. Hence, 1 gram-molecule is dissolved in 25M c.c. = 0-025 M 

600 

litres. This is P. P = 600 mm. — — atmos. T « 288° Abs. 

760 

Substituting these values in the equation, we have 


PV « 0-0821 T f 

. 0-025 Jf = 0-0821 X 288, 

. „ 76 X 0-0821 x 288 

60X0025 * 

« 1197-0. 


A subetanoe of molooolu weight 286 was used in an osmotio 
preenne experiment. A solution containing 10*8 gms. of the 
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substance in 100 o.c. of water was made up. What osmotic pressure 
should the solution exert at 20° C. ? 

Let P be the osmotic pressure. From the data given, 

V= m hires. 

T = 293° Abs. 

Substituting in the equation 

PV = RT 
28*6 

J'Xp = 0 0821 X 293, 

„ 10-3 x 0 0821 x 293 

P = 2*6 ttt,n08 - 

= 8*662 atmos. 


220. Theories of Osmotic Pressure and Senu~permeability. --Whilst 
the facts of osmotic pressure and the laws governing it are known, 
we are still a long way from knowing the cause of this phenomenon. 
Several theories have been put forward, none of which provides a 
perfectly satisfactory explanation, and it seems that until a more 
thorough theory of the liquid state is developed a correct theory of 
osmotic pressure and of semi-permeability will not be possible. 

Traube considered the semi-permeable membrane as being a sort 
of molecular sieve, which would allow small molecules of the solvent 
to pass through, but which stopped the progress of the larger solute 
molecules. This theory was of course only applicable to certain 
cases, for examples are known where the molecule of the solute 
must be smaller than that of the solvent, and yet the membrane 
still acts as a semi-permeable one. 

Another theory which was put forward by Bigelow assumes that 
the membrane acts like a set of very fine capillary tubes, and that 
the process of semi-permeability is intimately connected with 
capillarity. 

Armstrong proposed a chemical theory whereby the solvent was 
supposed to form a kind of loose chemical compound with the 
membrane, and was later split off again. There is little evidence 
for the truth of this view. 

The theory of preferential solubility, which states that one of the 
substances, in this case the solvent, dissolves in the membrane, 
through it, and is given off again at the other side, seems to 
be the most generally applicable. It is supported by the experi- 
ment already quoted (§ 182) in connection with the proof of Dalton's 
Law of Partial Pressures, in which the hydrogen in a mixture of 
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nitrogen and hydrogen is separated by passing the mixture through 
a heated palladium box. Without going into great detail, we may 
say that the hydrogen dissolves in the palladium, diffuses through it, 
and is given off again at the other side. This gives quite a reason- 
able picture of what might be happening in osmosis through a 
semi-permeable membrane. 

Nevertheless, the theory of semi-permeability is not of such 
great importance as that of osmotic pressure. Osmotic pressure 
would be developed whether there were any semi-permeable mem- 
brane there or not. The membrane is merely used in order to 
enable the pressure to be measured. The theory of osmotic 
pressure itself is quite independent of any theory of semi-permea- 
bility. The latter cannot in any way affect it, and the truth or 

untruth of any statement con- 
cerning the membrane does not 
alter the facts of osmotic 
pressure. 

There are two outstanding 
theories of osmosis. The first 
is the kinetic theory, in which 
osmotic pressure, like gas 
pressure, is supposed to be due 
to the bombardment of the 
molecules of solute on the 
membrane. The number of 
collisions of the solvent with 
the wall will be less on the side 
of the solution than on that of 
the solvent, and the latter therefore flows through in an attempt 
to make the number equal. 

The other theory is the hydrostatic theory. The entrance of 
solvent into the solution is supposed to be due to the existence of 
an attractive force of the solvent for the solute. This might be due 
to variation of surface tension. 

It may be pointed out that the osmotio pressure is not developed 
at the surfaoe of a liquid. Ordinary bottles of reagents contain 
liquids of which the osmotic pressure may be measured in hundreds 
of atmospheres. Yet the bottles do not burst. A consideration of 
surfaoe tension shows that the liquid itself is under considerable 
pressure, and, indeed, liquids ore known to possess internal pressures 
of great magnitude. 

230. Thermodynamic Proof of the Identity of the Gas and Osmotio 
Pressure Laws. — This proof was originally due to Rayleigh, though 
it is usually associated with the name of van’t Hoff. Consider a 
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reversible cyclic process (§ 314), carried out at a temperature 
!* Abs. 

Suppose that we have a gas at pressure p in equilibrium with its 
solution of osmotic pressure P. ab is a semi-permeable membrane 
allowing gas to pass through, but not liquid, and ac and bd , the wall 
of the cylinder, is also semi-permeable, allowing the solvent, but not 
the gas, to pass through. The pistons, A and B, are not permeable. 

Stage I . — Move the pistons A and B up, so that a volume v equal 
to the volume occupied by one gram -molecule of the gas at pressure p 
is transferred through the membrane ab from the solution to the 
gas side. A will move up through a volume v , but B moves up 
through a volume F, which is equal to the volume of solution in 
which one gram-molecule is dissolved. 

The amount of solvent corresponding to the volume of solution 
transferred passes through the wall ac and bd . The maximum 
amount of work done in the movement of the upper piston is pv , 
and in that of the lower PV . In the former the work is done by 
the system, in the latter on the system. Hence, the net work done 
is pv — PV. 

Stage II . — The volume of gas, thus passed through, must be 
restored to the solution by a reversible and isothermal path in order 
to obtain the maximum amount of work. This is accomplished in 
‘this and the succeeding two stages. 

The volume v of gas separated from the system is allowed to 
expand isothermally and reversibly to a practically infinite volume. 
The maximum work done in this^ process is 



RT\ 

— . dv = RT log, 
v v 


Stage III . — The gas is now brought into contact with a volume V 
of the solvent. It dissolves infinitely slowly, because it is infinitely 
dilute. If. however, the gas is gradually compressed with a friction* 
less piston, it will dissolve. Let p 1 be the pressure applied. Then 
the work done on the system is 


“I Pl dv v 
J 0 

To evaluate the integral, we must consider the question as follows : 
When one gram -molecule of gas has dissolved the pressure on the 
piston must be equal to p, so, assuming the accuracy of Henry’s 


Law, — gram-molecules will dissolve at pressure p v leaving 1 — ~ 
V * 


gram-molecules undissolved. 
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RT. 


p, = 


RT 



-rt [ , o g . ( « 

— RT log, v ~ 


since v is negligible compared with v m . 

Stage IV . — This volume of solution must be returned to the 
original solution, a process which involves no work. Since we are 
here dealing with an isothermal and reversible cycle, the total 
amount of work done in it must be equal to zero. Hence, 

pv — PV + RT log — RT log = 0, 

.’. pv = PV. 

By the gas laws 

pv = RT. 

Hence, 

PV = RT, 

so that osmotio pressure obeys the gas laws. 4 

281. Raoult’s Law of Vapour Pressure Lowering.— It has been 
known for some time that a solution of a salt boils at a higher 
temperature than the pure solvent. This means, of course, that 
the vapour pressure of a solution is less than that of the pure solvent. 
Gay-Lussac was amongst the first to investigate this lowering of 
vapour pressure, and he found that the vapour pressure of a solution 
of sodium chloride, of specific gravity 1-096, was 0-9 of that of pure 
water. He failed, however, to discover any law underlying the 
phenomenon. 

Von Babo (1848-49) carried out numerous experiments on the 
vapour pressure of salt solutions, but discovered only that the 
lowering of vapour pressure and the concentration of the salt were 
connected by a complicated geometrical series. The work was 
taken up by Wiillner, in 1856, who was the first to discover the 
simple law at the basis of this phenomenon. He used aqueous 
solutions and came to the conclusion that “ the diminution of the 
vapour pressure of water caused by substances dissolved therein, 
which substances do not themselves exert any noticeable pressure 
at the temperature of the experiment, is proportional to the quantity 
of the substance in the solution.” 

In 1887, Raoult extended the work to cover other solvents besides 
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water, and discovered the connection between the lowering of 
vapour pressure and the molecular weights of the solute and solvent. 
He stated that “ the lowerings of vapour pressures of solutions in 
different solvents are equal when the proportion of the number of 
molecules of the dissolved substance to the number of molecules of 
the solvent is the same.” Raoult used twelve different solvents, 
and dissolved many substances in them, finding the relative lowering 
of vapour pressure for one molecule of each substance in 100 mole- 
cules of solvent. This was constant. 

Combining the statement of Wullner with that of Raoult, it may 
be said that the vapour pressure of a solution is proportional to the 
mol-fraction of the solvent present in the solution (§ 223). This is 
Raoult’s Law of Vapour Pressure Lowering. 

Suppose that the mol-fraction of solvent in a solution is n„ then 
that of the solute must be 1 — n 9 . Let p t be the vapour pressure 
of the solution. Raoult’s Law states that 

P. (1) 

* where k is a constant. 

If p 0 is the vapour pressure of the pure solvent, 

= * • •' ( 2 ) 

since, in the pure solvent, n, — - 1. 

• Hence, from equations (I) and (2), 

P* = P* n * P) 

Now, from equations (1) and (3), a more convenient mathematical 
expression of Raoult’s Law may be derived. We have 



number of molecules of solvent 
= total number of molecules in solution 

• Po-P» = n 

• • p, - N + 71 

where n is the number of molecules of solute, and N is the number 
of molecules of solvent. 

The law holds only for perfect solutions ; indeed, one method of 
defining a perfect solution is that of Hildebrand, who states that it 
iB a solution which obey’s Raoult’s Law. For other solutions 
deviations of a serious nature occur. If we are dealing with perfect 
solutions, we may plot the vapour pressure against the composition, 
and shall obtain curves of the type shown in Fig. 163. The vapour 
pressures of the two components are additive (Dalton’s Law, § 181), 
so that a straight line CD is obtained upon which the total vapour 
pressure of the solution will lie. When a solid is dissolved in a 
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liquid, the vapour pressure of the solid is extremely small, and 
hence the vapour pressure of the mixture will be practically that 
of the solvent. This is shown in Fig. 153. 

The vapour pressure curves of mixtures of two liquids have 
already been dealt with (§ 205). It will be remembered that these 
were of three distinct types, (a) a straight line (or a line showing 
neither a maximum nor a minimum) , (6) a curve showing a maximum, 
and (c) a curve showing a minimum. Raoult’s Law would hold for 
liquid mixtures, if such mixtures were perfect solutions (§ 222). 
Actually, only those mixtures which give the straight line vapour 
pressure curve obey Raoult’s Law. The existence of maxima and 
minima in the curves indicates that Raoult’s Law is not being 
obeyed. The deviations from the law may be due to association. 



A — solvent. 

B — solute. 

CD — vap. press, curve of 
solution. 

DF — vap. press, curve of 
solute. 

EO — vap. press, curve of 
solvent. 


Fic. 163. — Vapour Pressure-composition Curves for Solutions. The 
curves refer to one particular temperature. 

in which case it may be shown that a maximum in the vapour 
pressure curve is to be expected. A minimum is found when 
compound formation takes place between the solute and solvent, 
though this is not always the explanation. When electrolytic 
dissociation (§ 251) occurs, Raoult’s Law can still be applied if, 
instead of », the number of molecules of solute, the number of ions 
is substituted. 

In the case of solutions of solid non-electrolytes, Raoult’s Law is 
of more or less general application. A solid contributes a negligible 
amount to the total vapour pressure, whereas, with liquids, the 
vapour pressures of the two components are of the same order, and 
deviations will be more marked. 

282. Derivation of Raoult’s Law. — Raoult’s Law may be derived 
theoretically from the Distribution Law (§ 216). Consider the 
distribution of molecules of the vapour between the gaseous and 
liquid phases. Let N be the number of molecules of pure solvent* 
ind a the number of molecules of solute added. The molar oonpen- 
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tration of the solvent before the solution is made is ^ (= 1) ; 
N 


afterwards it is 


+ n 


Let C 0 be the concentration of molecules in the gaseous phase 
over the pure solvent, and C the concentration of gas molecules over 
the solution. By the Distribution Law, the ratio of the concentra- 
tions of the same molecular species in the gaseous and liquid phases 
is constant. Hence, 


C. 

Y 

Jt 

. C 9 N+n 
•• C ~ ’ Y i 


~ A r f 


. C.-C^ n 

•’ ~$T N + n 

Since the concentrations of molecules in the gaseous phase are 
proportional to the pressure, 

p. N + n . 

where p 0 is the vapour pressure of the solvent, and p a that of the 
solution. This is the mathematical expression of Raoult’s Law. 

233. Connection between Vapour Pressure 
Lowering and Osmotic Pressure. — As has been 
already stated, there is a definite connection be- 
tween osmotic pressure and all the other collig- 
ative properties of solutions. It is the purpose 
of this section to derive the mathematical 
relationship between the osmotic pressure and 
the vapour pressure of a solution. 

There are several methods of doing this, but 
the simplest is that given below. 

Consider a tube, closed by a semi-perme- 
able membrane and containing a solution, 
immersed in a vessel containing the pure 
solvent. The whole arrangement is placed 
under a bell-jar, whioh is evacuated. The Fio. 154 . 
o sm otic pressure of the solution is measured by 
the height A, to which the liquid rises in the tube. 

Consider the vapour pressure of the solution at B, calling it p\ 
This must be equal to the pressure of the vapour of the solvent at B, 
otherwise there would be a distillation process taking place at B. U 
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the vapour pressure of the solution were less than that of the solvent 
at B, some of the solvent would condense on the solution, which 
would become more dilute until the vapour pressures were equalised. 
Conversely, if the vapour pressure of the solution were greater than 
that of the solvent at B, distillation would go on from the solution, 
and more solvent would be drawn through the membrane. In either 
case there would be a continuous flow of liquid up or down the tube, 
and equilibrium would not be established. 

Now what is the vapour pressure of the solvent at B ? It will be 
different from that at the surface of the liquid by an amount equal 
to the pressure of a column of the vapour of height ft. Thus, if p is 
the vapour pressure of the pure solvent, 

p — p' =s hd, 


where d is the density of the vapour. 

We now have to find the density of the vapour. Let the molecular 
weight of the solvent be M. The volume occupied by M gms. of 
vapour at pressure p and at temperature T is 


V = 


RT 

P m 


The density of the vapour is, then, 




M 

V = 



Assuming that the density of the dilute solution is equal to that of 
the solvent *, the osmotic pressure P is given by 


P = hs. 


Hence, 


Mp p — P _ MP 
P V a ' RT’ ° p aRT‘ 


We can derive Baoult’s equation from this statement as follows : 
If V is the volume of solvent containing one gram-molecule of the 
solute, 


P = 


n 


RT 

W 


But 


r 


NM 


where N 


number of gram-mols. of solvent. 


Hence, 


P 


naRT 

OT- 


Substituting in the equation above, we have 
« — p' M naRT n 

“ ms 1 ■ unsr “ s* 
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whioh is a modified form of Raoult’s Law, in which n, which is small 
compared with N, since the solution is dilute, is neglected in the 
denominator. 

234. Use ol Raoult’s Law in the Determination of Molecular 
Weights. — It is clear that if the lowering of the vapour pressure of a 
solvent brought about by dissolving a known weight of solute in a 
given weight of the solvent is known, its molecular concentration 
can be determined. Knowing the weight of substance and the 
volume of solvent in which it is dissolved, it is then an easy matter 
to calculate the molecular weight. 

235. Numerical Examples. — Some examples will make this clear. 

(1) The vapour pressure of water is 92 mm., at 60° C. 18-1 gms. 

of urea are dissolved in 100 gms. of water, and reduce the vapour 
pressure by 5 mm. Calculate the molecular weight of urea. 

The number of gram-molecules of water present is 100/18. That 
of urea is 18-1/.M, where M is the required molecular weight. 
Raoult’s Law states 


V. ~ P . 

P, N n' 

Substituting the values 


we have 


Inverting, 


181 

P , “ P. - 5 * = m • 

no w 100, 

p, = 92 mm., N 


5 

92 


181 

~M 


100 , 18-1 

18 + If 


92 

5 


100 , 18-1 


100 M 


92 


- 1 


.*. M — 


100 


181 

M 

X 18 X 181 




18 x 18-1 

17-4 x 18 X 181 


100 


50-7. 


The molecular weight is 56-7. 

(2) At 20 s C. the vapour pressure of ether is 442 mm. of mercury. 
When 6*1 gms. of a substance were dissolved in 50 gms. of ether, the 
vapour pressure fell to 410 mm. What is the molecular weight of 
this substance t 

0,1 

Here » 442 mm. » * -gt 
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p, = 410 mm. N = y-, 

since the molecular weight of ether is 74. 

Substituting in the equation 

P.-P. » 

p. ~ N+n' 

6*1 

32 _ M 
44 2 ~ 50 , 61* 

74 + M 

.*.442 50if 

32 6-1 X 74 " f If 

M = 115*7. 

The molecular weight is 1 15-7. 

236. Experimental Determination o! Vapour Pressures. — There are 
two types of experiments by means of which vapour pressures may 
be determined. The first is static, and the second dynamic in nature. 
In the static methods the pressure itself is directly measured. In 
the dynamic methods the vapour pressure is obtained by measuring 
some effect due to it (see also § 92). 

The static method was first used by von Babo in 1848, and later 
by Wullner (1856), whose work paved the way for the generalisation 
of Raoult. Raoult himself determined vapour pressures by the 
Btatio method, preparing first a barometer with a Torricellian 
vacuum over the mercury, and introducing the substance, of which 
the vapour pressure was required, over the mercury. The depression 
of the mercury level, owing to the vapour pressure of the liquid, was 
measured. This was a direct measure of the vapour pressure. By 
comparing the amounts of depression caused by the pure solvent in 
one barometer tube, and the solution in another, the lowering could 
readily be obtained. 

Dieterioi used a differential method for measuring the vapour 
pressure. The method depends on the determination of the 
difference of vapour pressure of solvent and solution. He used a 
glass plate connected to a quartz thread to which was attached a 
mirror. The glass plate was arranged so that the difference of 
pressure caused a movement of the plate (Fig. 156). This move- 
ment was used to twist the quartz thread, which njoved the mirror. 
A beam of light reflected from the mirror would be deflected through 
twice the angle the mirror turned through. The sensitivity of the 
apparatus was very great, and Dieterioi claimed to observe a 
pressure difference to an accuracy of 0*001 mm. 

A similar idea to this was used by Lord Rayleigh in the oon- 
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struction of the differential manometer. A diagram of this is 
given in Fig. 155. The two limbs, X, Y, were filled with mercury. 
The height of the mercury in each limb was dependent upon the 
pressure to which each was connected. The forked manometer was 
tilted until the two ivory pointers, BB, just touched the level of the 
mercury. The angle through which the mirror M was deflected was 
measured by the deflection of a beam of light rellectcd from it. As 
before, the deflection of the reflected beam was twice the angle tho 
mirror had been turned through. 

This manometer was applied by Frazer and Lovelace in their 
experiments on the depression of vapour pressure. They obtained 



Fir. I5.V — Lord Rayleigh's Differential Manometer. 

very accurate results for a number of solutes. For a description of 
their apparatus the student is referred to H. S. Taylor's “ Treatise 
on Physical Chemistry ” (Macmillan, 1924), pp. 260-261. 

All methods of determining vapour pressures demand that the 
temperature be kept constant, and this must be carefully remem- 
bered, as a slight change in temperature may alter the vapour 
pressure considerably. 

The dynamic methods have been more extensively applied than 
the static ones, as they are easier to use, and can be made to yield 
quite accurate results. 

The principle of Ostwald and Walker’s dynamic method (1888) is 
as follows : A know n volume of air is passed through the solution, 
and then through the pure solvent. In the first ease it becomes 
saturated up to the vapour pressure of the solution, and the solution 
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loses weight proportionally, the loss being determined by weighing 
before and after the air has passed through. In the second case the 
air takes up a little more vapour, since the vapour pressure of the 
solvent is greater than that of the solution. The loss of weight of 
the solvent is proportional to the difference in vapour pressures of 
the solution and the solvent. 

When the solvent is water the vapour pressure of the solvent is 
best obtained by passing the air, after it has been through solution 

and solvent, through calcium chloride 
tubes, which will catch all the 
water, and which by weighing before 
and after the experiment will give 
the total weight of water in the air, 
which is proportional to the vapour 
pressure of the solvent. 

The apparatus required for this 
method is shown in Fig. 157. A are 
three wash- bottles in w^hich is placed 
the solution. Then follow B, three 
wash-bottles containing pure solvent. 
These are followed by three calcium 
chloride tubes. It is only necessary 
to weigh the wash- bottles containing 
the solvent before and after the 
experiment, and the calcium chloride 
tubes. The difference of weight 
of the former is proportional to the difference in vapour pressure 
(Po — Pt) f and that of the latter to the vapour pressure of 

the solvent (p 0 ). We thus have— — 2 s . 

Vo 



Fio. 16 fi. — PietoricfB 
Apparatus. 


pure dry 



Solution Solvent 


Air saturated to/6, 
toss of weight <*/> 


A 

p 0 ~ p s Increase in weight oc A* 


Fio. — Apparatus Tor Getwald and Walker' a Dynamic* Method, 
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Walker applied this method to the investigation of aqueous 
solutions, and Will and Bredig (1889) used it for alooholic solutions. 
It is obvious, when the effect of the electrolytic dissociation of salts 
in aqueous solution on the colligative properties is considered (§ 256), 
that all the methods of determining molecular weights in solution 
based on these properties will be of much more value for organic 
than for inorganic substances. Many organic substances are 
insoluble in water but soluble in alcohol, and hence Will and Broclig's 



Fig. 158. — Menace’ Apparatus. 



Fig. 150. — Apparatus for Cumming’s 
Dew-point Method. 


modification of the Walker method was of considerable use. Instead 
of absorbing the vapour of the solvent, the loss in weight of both 
sets of bulbs was obtained. The current of air was maintained for 
twenty-four hours, the flow being about 1 litre per hour. 

In Menzies* method, the difference in pressure at which a pure 
solvent and the solution boil at the same temperature is determined. 
The apparatus is shown in Fig. 158. The bulb A contains the 
solvent, whilst the inner tube B contains the solution. This tube 
is provided with a scale graduated in c.c. The further inner tube C 
has a millimetre scale. It is first necessary to determine the zero 
point. This is done by connecting up the condenser D, and then half 
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filling A with the solvent. The liquid is boiled vigorously for a few 
minutes to boil out any dissolved gas, and the inner vessel B is filled 
with the boiled -out liquid. When the liquid in the outer vessel is 
boiling steadily, the stopper E is removed, and the screw-clip F is 
partly closed. Vapour will blow through the solvent in B. After a 
minute or two, the stopper is replaced loosely, and when it has 
warmed up it is fully inserted and the clip F opened. The liquid is 
kept boiling steadily. In about five minutes the level in the inner 
tube will have become stationary, and a little higher than that in 
the surrounding vessel, owing to capillarity. 

A weighed tablet of the substance to be dissolved is n^w added to 
B, and the blowing through repeated. The solution having a lower 
vapour pressure than the solvent, the level of the liquid in the inner 
tube will come to rest lower than that in the tube it surrounds. 
The difference of the reading of the level of the liquid in the tube C, 
for the solution and for the pure solvent gives the lowering of the 
vapour pressure in terms of millimetres of solution. The density of 
the solution must be known, or may be taken for rough purposes as 
equal to that of the solvent. The concentration of the solution is 
known from the reading of the volume of the solution in the inner 
tube. 

The dew-point method of Cumming is of interest, though not 
often applied. It depends upon the fact that a liquid begins to be 
deposited from the vapour state when the vapour is saturated. 
Thus dew forms from damp air when the temperature is such that 
the air is saturated. From a knowledge of the degree of cooling 
required for the deposition of dew, the vapour pressure can be 
determined. The apparatus is shown in Fig. 159. A silver tube A, 
containing ether and bearing a thermometer graduated to 0*1® C., 
and an exit and a delivery tube, is held in a cork so that its lower 
end is inside a bottle containing the solution. This bottle is first 
exhausted, and then air is blown through the ether, causing it to 
cool owing to rapid evaporation. This cools the vapour in the 
neighbourhood. The temperature at which dew begins to form is 
noted, and the tube is then allowed to warm up and the temperature 
at which the dew disappears is noted. This is repeated several 
times, and the mean of the results taken. This gives the dew-point. 
The vapour pressure of the solvent at this temperature (found from 
tables) is the vapour pressure of the solution at the temperature of 
the vapour. 

237. Elevation of the Boiling Point. — Since, as has already been 
shown, when a solute is dissolved in a solvent, the vapour pressure 
of the solution is less than that of the pure solvent, it follows that 
the boiling point of the solution most be higher than that of the 
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pure solvent. This point is easily seen when the vapour pressure 
curves of the solvent and the solution are considered (Fig. 160). 
The curves AB and CD represent the variation of vapour pressure 
of the solvent and solution respectively with temperature. The 
boiling point is the temperature at which the vapour pressure of the 
liquid is equal to the superimposed pressure. Let P represent the 
superimposed pressure. Then T and T x will represent the boiling 
points of the pure solvent and the solution respectively. It is 
obvious that T Y is greater than T. If, then, we measure the boiling 
point of a solution, we should be able to discover the molecular 
weight of the solute. Indeed, the determination of the boiling point 
of the solution under atmospheric 
pressure is only another way of 
determining its vapour pressure. 

It is usually much more convenient 
to determine a boiling point than to 
determine a vapour pressure, so the 
determination of the elevation of the 
boiling point is an exceedingly im- 
portant method of determining mole- 
cular weights in solution. 

It follows from Raoult’s Law 
(§231) that equimolecular weights 
of different substances will increase 
the boiling point of a solvent by the same amount, since they depress 
the vapour pressure by the same amount. The elevation of the 
boiling point of a solvent caused by the solution of one gram- 
molecule of any substance in, say, 100 gms. of it, will therefore be 
a constant for that solvent. The values of these constants for the 
solvents most frequently used are given in the Table below. 

Suppose that a solution is made of to gms. of a solvent, and 
W gms. of solute of unknown molecular weight M . Let the elevation 


Tablb LXXX. — Molectjlab Elevation (per 100 gms. solvent). 


Solvent. 


A. 

•o. 

•c. 

Water 


5-2° 

5-15° 

Chloroform . 


38’8® 

38 0° 

Ether . . • 


211° 

20*9“ 

Acetone 


17-2° 

17-2° 

Benzene 


25-7° 

261° 

Ethyl alcohol 


11*5* 

11-9° 



Vapour 

Pre 


Temperature’ ' 

Fio. 160 . — Vapour Pressure- 
temperature Curves for the 
Solvent and Solution. 
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of the boiling point be T° C. Now, one gram -molecular weight of 
any substance, dissolved in 100 gens, of the solvent, raises the 
boiling point by the same amount, K° C. In the solution under 
consideration there are W gms. of solute dissolved in w gms. of 

100 W 

solvent. In 100 gms. of solvent there would be — gms. of 

tS solute. This raises the boiling 

point T° C. The weight which 
will raise the boiling point by 
K° C. is the molecular weight. 

Hence M * 100 

The value of K is sometimes 
given for the elevation of the 
boiling point produced when 
one gram -molecule of a solute 
is dissolved in 1,000 gms. of 
solvent (instead of 100 gms. as 
given in the above Table). 
These values would be one-tenth 
of those given above. 

238. Experimental Determina- 
tion of Elevation of the Boiling 
Point. — (a) Beckmann's Method . 
— The method of Beckmann is 
the oldest of the methods used. 
It has been improved upon in 
several ways, to be described 

The apparatus is shown in 
Fig. 161, A weighed amount 
of the pure solvent, say 25 gms., 
Fro. 161.— Beckmann’s Boiling-point is boiled in the boiling tube A, 
. . A PP ar ^ tua - which has a piece of ^platinum 

TaUock (London) Ltd.] Wlre sealed through the bottom, 

and may also be partly filled 
with glass beads or garnets. The purpose of these is to pre- 
vent superheating, which is the chief source of error in the 
method. The point of the wire, and the beads, help to break up the 
bubbles of vapour, and thus prevent any superheating. This 
boiling tube is provided with a coiled air condenser which returns 
the liquid to the tube as it vaporises. If this were not used, the 
strength of the solution would vary throughout the determination, 
and no result could be obtained. 


tm 
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The tube is not heated directly, but is surrounded by a heating 
vessel B, in which some of the same solvent is boiled. This, too, is 
provided with a reflux condenser, the object in this case being 
merely to avoid waste of the liquid. The whole apparatus is heated 
on an asbestos box C, which is provided with chimneys, s, $, for 
promotion of currents. The boiling tube itself rests on two asbestos 
rings, h l and h z . The whole purpose of this is to prevent any 
direct heating by the flame in order to avoid superheating. 

Having determined the boiling point of the pure solvent, a 
weighed pellet of the substance under examination is drop]>ed into 
the liquid through the side tube, and the tube is again heated. The 
boiling point is again found. 

The experiment may be re- 
peated by the addition of a 
fresh pellet of the substance, 
and noting the further rise in 
the boiling point. 

To obtain accurate results 
with liquids for which the 
molecular elevation is small, it is 
necessary to use a very sensitive 
thermometer. Such an instru- 
ment was devised by Beckmann 
for this purpose. It does not 
read the absolute boiling points 
of the liquids, but merely the 
difference in temperature of the 
boiling points of the pure solvent 
and of the solution. This is all 
that is required in the calcula- 
tion. It consists of a large bulb 
connected to a very fine capillary tube, with a bulb at the top which 
can accommodate excess mercury. If the thermometer is required 
for measuring comparatively low boiling points, it is necessary to get 
most of the mercury up into the top reservoir and detach it from 
the main thread. In this way the mercury may be made to 
appear on the scale at any desired temperature. This operation 
is known as “ setting ” the Beckmann thermometer. For further 
details, the practical text- books should be consulted. 

In more modem forms of the apparatus, electrical methods of 
heating are used. 

(6) The Landsberger Method .— This differs from Beckmann’s 
method in that the solution is heated to the boiling point by passing 
into it the vapour of the pure solvent. Since, when the latter 



Fig. 162. — Apparatus for the L mds- 
berger Boiling-point Method. (The 
small bole at the top of B cannot 
be shown in the figure.) 
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condenses, it gives up its latent heat, the liquid may be boiled by 
this means. The advantage o 1 this process is that there is no 
danger of superheating. , 

The apparatus is shown in Fig. 162. 

The conical flask A contains the pure solvent. A delivery tube 
leads from it into a tube B graduated in c.c.’s. Towards the top of 
this tube there is a hole which communicates with the outer vessel C. 
A condenser is attached at D t A thermometer also passes into the 
tube B. First, a small quantity of the pure solvent is put into B, 
and the vapour of the solvent is blown into it until the temperature 
indicated by the thermometer remains constant. This temperature 
is noted. It is the boiling point of the pure solvent. Now a weighed 
amount of the substance under test is added to B, and the passage of 
the vapour is continued until the temperature 
is again constant. This is the boiling point 
of the solution. The volume of the solution is 
noted. Knowing the density of the solvent, 
the mass of the solvent present in the solution, 
assuming the solute to occupy no volume, can 
be found. We now have all the data necessary 
to enable the calculation of the molecular weight 
to be made. 

(c) Cottrell's Method . — In Cottrell’s apparatus 
an inverted funnel tube is placed in the boiling 
tube, which collects bubbles of vapour from a 
piece of porous pot in the liquid and pumps the 
vapour over the bulb of a thermometer, to- 
gether with a stream of the boiling liquid. 
In this way it is ensured that the temperature indicated by the 
thermometer is more nearly the accurate boiling point of the 
liquid. The volume of solvent used is taken, and the mass of 
substance dissolved is known, so that the molecular weight can be 
calculated from a knowledge of the two boiling points. Note that 
in this method the bulb of the thermometer does not dip into the 
liquid. 

(d) Swicntoslawski’a Method . — This is similar in principle to 
Cottrell’s method in that the vapour of the liquid and a stream of 
boiling liquid are pumped over the thermometer bulb, but it has 
the advantage that the thermometer is removed from the neighbour- 
hood of the flame, and there is little risk of superheating. 

The apparatus is shown in Fig. 164, A is a bulb tube containing 
the solvent. A few garnets are placed at the bottom of A to prevent 
superheating. The wide tube C carries a Beckmann thermometer, 
and is provided with a metal cylinder D resting on glass points 



Fig. 163. — Cottrell’s 
Apparatus. 
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inside the tube, to keep any direct radiation from the flame away 
from the thermometer. GQ is an asbestos shield which serves a 
similar purpose. A Liebig’s condenser is attached at F to return 
the vapour of the solvent to the boiling vessel. A known weight of 
solvent is placed in A, sufficient to cause a small quantity to enter 
the tube C. It is gently heated until it boils, when vapour and 




Fin. 164.— SwifntoRlawsIci’fl Apparatus. 

liquid are pumped from the jet E over the bulb of the thermometer. 
The temperature indicated by the thermometer is taken when it 
becomes constant. A weighed pellet of the substance of which the 
molecular weight is required is dropped down the condenser and is 
dissolved by the solvent. The boiling point is again found* If 
desired, further weighed pellets of the solute may be added from 
time to time to provide further results. 

As such great care is taken to avoid errors due to superheating, 
other errors should be minimised. Thus, the amount of solvent 
may decrease during the experiment if the condenser is not efficient. 
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This may be tested by weighing the apparatus and liquid before the 
experiment, and again afterwards (the condenser and thermometer' 
may, of course, be omitted). After subtracting the weight of 
solute added from the latter reading, the weight of apparatus and 
solvent after the experiment is obtained. This should be the same 
as at first. If not, the amount of solvent lost may be regarded as 
having been lost uniformly throughout the course of the experiment, 
and if the time when the solute is added is known, the amount of 
solvent present then can be calculated. This correction is only of 
importance where the solvent is very volatile, e.g ., ether. 

The rate of boiling should be kept constant by not touching the 
flame once the liquid has begun to boil. If the rate of boiling alters, 

the temperature indicated by the 
thermometer may be slightly altered. 
The least error in a molecular weight 
determination by elevation of the boil- 
ing point by any of the above methods, 
is about ± 2 per cent. This error is 
mainly due to the difficulty isa reading 
the temperature. Better results can 
be obtained by the use of resistance 
thermometers, but it is doubtful 
whether the additional complication of 
the apparatus is justified. Since the 
method is usually employed to provide 
confirmation of a formula, an error of 

Fiq. 165. — Osmotic pressure 2 per cent, in the result is usually of no 
and elevation of boiling point. accoun fc 

239. Connection between Osmotic Pressure and Elevation of 
Boiling Point. — This can be obtained by considering a reversible 
process as follows : Suppose that we have a solution in a cylinder 
provided with a frictionless piston, which is semi-permeable, allowing 
solvent to be removed osmotically and reversibly. The osmotic 
pressure of the solution is P, and its boiling point T + dT, T being 
the boiling point of the solvent, and dT the elevation. 

Stage I . — By moving the piston, remove a volume dv (the weight 
of which is dx) of the solvent at the boiling point of the solution 
T 4- dT. The work done is — Pdv. 

Stage II. — Allow this volume of solvent, at temperature T + dT, 
to be evaporated isothermally. If L is the latent beat, the amount 
of work done is Ldx. 

Stage III. — Cool the vapour and the solution to the temperature T % 
tdiahftticaDy (p. 195). 

Stage I V . — Put the vapour in contact with the solution again at 
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this temperature, and allow it to condense. It gives out an amount of 
heat L x dx> where L x is the latent heat at temperature T. 

Stage V . — Raise the temperature adiabatically to T + dT* The 
amount of work in this process is equal and opposite to that in 
Stage III. 

As the process is reversible, the algebraic sum of the work done in 
the various stages is equal to zero. Hence, 

— Pdv +, Ldx — L x dx = 0, 
or Pdv = Ldx — L x dx . 


To find the value of the right-hand side of this expression we may 
apply the Second Law of Thermodynamics, IAx is the heat taken 
in at temperature T + dT, and L x dx is the amount of heat given up 
at the lower temperature T. 

The Second Law (§ 315) may be put in the form 

Q\ Q% T\ P 2 


Q 1 ' T x ’ 

where Q x is the heat absorbed at temperature T A , and Q 2 is that 
given out at temperature T r We thus have 
T 4 . dT — T v 

x ^ . Ldx = Ldx — *L x dx. 


Hence, 


T + dT 
Pdv - 


dT 

T + dT 


.Ldx. 


Put dxjdv = />, the density of the solvent. Then we obtain, 

P Lp-dT 
T x 

T x being the boiling point of the solution. This is the required 
relationship. 

The solution is dilute, so the osmotic pressure obeys the law 
P = cllT, At temperature T x this becomes P = cRT v and hence 

L.p 


which is the relationship between elevation of boiling point and 
concentration c. 

If we take the density as being approximately unity, the equation 
becomes 



R is equal to 2 gm.-cals. per gram -mol. If wc assume that one gram* 
molecule is dissolved in 100 gme. of solvent, then c becomes O'OI, 


and so 


dT 


2 X 3V X 0 01 
: Z 


0*02 7\* 
r -*- = 


K. 
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where K is the molecular elevation. This enables the molecular 
elevation to be calculated from a knowledge of the latent heat of 
evaporation of the solvent, and its boiling point on the absolute 
scale. It was first put forward as an empirical rule, but it is clear 
from the above that it has some theoretical basis. 

The Table (p. 487) shows some values of the molecular elevation 
calculated for various solvents by the use of this relationship. It 
will be noticed that the agreement between the observed and 
calculated values is good. 

240. Numerical Examples. — Some numerical examples will now 
be given in order to show exactly how data obtained from the 
experimental determination of the elevation of the boiling point 
can be used in the calculation of molecular weights. 

(1) Ten gms. of a substance dissolved in 100 gms. of water raised 
its boiling point by 0-98° C. Calculate the molecular weight of the 
substance. The molecular elevation for water (100 gms.) is 5-2° C. 

Since M gms. of solute (where if is its molecular weight) raise the 
boiling point of 100 gms. of water by 5*2° C., the weight raising it by 
0*98 

0-98° will be M X This must be equal to 10 gms. 

O’J 

Hence, 0-98 M lrt *— 

~T2~~ 10 ’ 

M 0*98 # 


-= 5307. 


The molecular weight is 53 07. 

(2) What elevation of the boiling point of alcohol is to be expected 
when 5 gms. of urea (molecular weight 60) are dissolved in 75 gms. 
of it ? The molecular elevation of Alcohol (100 gms.) is 11*5° C. 

The gram-molecular weight of urea (t.e., 60 gms.) would raise the 
boiling point of 100 gms. of alcohol by 11»5 0 C. Five gms. of urea 
would therefore elevate the boiling point of 100 gms, of alcohol by 

Hi o r 

As the urea is dissolved in 75 gms. alcohol, the elevation will be 


11*5 X 100 
12 X 75 


1*28° C. 


241. Limitations of the Method. — In addition to <die occurrence 
of abnormalities in the molecular weights of substances determined 
by this and all colligative property methods, which are to bo noted 
later on (§ 246), it must be borne in mind that the solutes that can 
be used in the boiling-point method are limited to those which are 
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uofc volatile. The substance dissolved must remain entirely in the 
liquid phase during the experiment. The method could not, then, 
be used to find the molecular weight of a substance like alcohol, or 
any other easily volatile substance. It has been pointed out by 
Lowry that the escape of the solute into the vapour phase corre- 
sponds to having a leaky membrane in determination of osmotic 
pressure. 

242. Depression of the Freezing Point.— Just as lowering of the 
vapour pressure causes directly an elevation of the boiling point, so 
it directly conditions a depression of the freezing point. That this 
must be so follows from a consideration of the vapour pressure 
curves of the solid solvent, the liquid solvent, and the solution. 
These are shown in Fiir. 100. The freezing point of t lie pure solvent 



is given by the abscissa of the point P, when* the vapour pressure 
curves of the solid and liquid solvent intersect. If the vapour 
pressure of the solution is less than that of the liquid solvent, the 
vapour pressure curve of the solution must intersect the curve for 
the solid solvent at a point P x , corresponding to a lower temperature. 
Equimolecular weights of substances dissolved in the same weight" 
of a solvent depress its freezing point by the same amount. 

The first experiments on the depression of the freezing point were 
carried out by Blagden in 1788. He noticed that the freezing point 
of water was depressed by the presence of dissolved salts, and that 
the depression was proportional to the concentration. His results 
were, however, overlooked, until revived by de Cop|>et in 1871, and 
by Raoult in 1882-84. 

As in the case of the elevation of the boiling point, a table can be 
drawn up giving the molecular depression for certain solvents. The 
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figures given (Table LXXXI) are those obtained by the solution 
of one gram-molecule in 100 gms. of the solvent. Note that the 
figures are not the same as for the elevation of the boiling point. 

243. Experimental Determination of the Depression of the Freezing 
Point. — The best method is that due to Beckmann. The apparatus 
is shown in Fig. 167. It consists of a large outer vessel, which 
contains a freezing mixture. A tube, about the size of a large 
boiling tube, is suspended in this, and inside that is the freezing 
tube, which is provided with a side tube for the introduction of 
the weighed solid, a stirrer, and a Beckmann thermometer. The 
thermometer is first set so as to obtain the freezing point of the pure 
solvent towards the top of the scale. The 
apparatus is then set up and the freezing point 
of a known weight of the solvent is determined. 
The solvent is allowed to supercool a little 
below its freezing point, and is then stirred 
vigorously in order to start crystallisation. As 
the freezing starts the temperature rises, and 
remains steady at the freezing point. A 
weighed pellet of the substance under investi- 
gation is now added through the side tube, 
completely dissolved, and the freezing point of 
the solution found. Any considerable degree 
of supercooling should be avoided, since separa- 
tion of much solid solvent increases the con- 
centration of the solute. 

Rast’s method makes use of the fact that 
camphor has a very high molecular depression. 
One gram-molecule of a substance dissolved 
in 1,000 gms. of camphor produces a depression 
of 40° C. In this case the depression is so great 
that an ordinary thermometer may be used for the determination 
of the freezing point. 

A known weight of the substance under investigation is mixed 
with a known weight of camphor, and the two are intimately fused 
together, the mass allowed to cool and then broken up. The 
melting point of the mixture is then determined in the usual way 
in a capillary tube. The melting point, of pure camphor is also 
determined. The molecular weight is then calculated from a 
formula similar to that for elevation of boiling point (p. 488). 

Some compounds with higher depression constants than camphor 
are known. They are all members of the hydroaromatic class. 
Pirsch (1933) has found that oampborquinone has a high constant 
(467° 0. for 100 gms.), and has a fairly high melting point (197*2° (XX 


A 



Fio. 167. — Beck- 
mann's Freezing- 
point Apparatus. 
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Tablb LXXXL— Molbouxjlb Depression 
f (per 100 gms. solvent) 


Solvent. 

JT c. 

_ . <w»r* 

X <*!<■. 

Water . 

18-5° 

18-6° 

Acetic acid 

39° 

38*2° 

Phenol .... 

53° 

50-5° 

Camphor .... 

400® 



Naphthalene 

i 09° 

69-5° 

Benzene 

51-2° 

50-7° 

Camphor quinone 

457° 

— 

Pinene dichloride 

r>«2° 

_ 

Pinene dibromide 

809° 

_ 

Bornylamine 

406° 

— 


and high solvent properties. With pinene dichlorid© and pinene 
dibromide, the constants are 562° C. and 809° C. respectively. 
These two substances form a continuous mixed crystal system, and 
the depression constant is additive for thesd mixtures, i.e. 9 it is a 
function of the composition of the mixture. Bomylamine gives a 
molecular depression constant of 406° C., and is especially useful in 
determining the molecular weights of alkaloids. It has the dis- 
advantage of being very volatile at the melting point, and henoe 
sealed melting point tubes must be used. 

Raoult suggested that there might bo some connection between 
the molecular depression and the molecular weight of the solvent, 
but no simple relationship has been discovered. 

244. Connection between Osmotic Pressure and Depression of the 
Freezing Point. — By means of a thermodynamic cycle exactly 
similar to that used in the case of elevation of boiling point, the 
relationship between osmotic pressure and depression of the freezing 
point can be derived. The student is recommended to attempt 
this for himself. 

The final relationship is 

p _L P .dT 
T m ' 


where p is the density of the solvent, <LT, the depression of the 
freezing point, and T 9 the freezing point of the solution, and L the 
latent heat of fusion of the solvent. As before, we can substitute 
the value of the osmotic pressure and obtain the expression 
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This gives, as before, 


_ 0*027** 

k ~-IT' 


This enables the molecular depression, K t to be calculated if the 
latent heat of fusion of the substance, L t and its freezing point on 
the absolute scale are known. 

245. Numerical Examples. — (1) Fifteen gms. of a substance dis- 
solved in 150 gms. of water lowered its freezing point by 1*2° C. 
Find the molecular weight of the substance. The molecular 
depression for water is 18*5° C. (100 gms.). 

Since 15 gms. of substance ^ro dissolved in 150 gms. of water, 
10 gms. are dissolved in 100 gms. of water. 

One gram-molecule of the substance, dissolved in 100 gms. of 
water, depresses the freezing point by 18-5° C. Hence, if M is the 


molecular weight of the substance, 


M x 1*2 
18*5 


gms. of it will depress 


the freezing point of water by 1*2° C. This weight must be equal 
to 10 gms. 


1*2 M 
18-5 


- 10 


M = 


185 

1*2 


= 154 * 2 . 

(2) A sample of pure prismatic sulphur melted initially at 1 19*25° C. , 
but in the course of a few minutes the melting point fell to 114*5° C. 
When the sulphur had completely melted at this temperature the 
liquid sulphur was plunged into iced water ; 3*6 per cent, of the 
resultant solid sulphur was then found to be insoluble in carbon 
disulphide. Deduce the molecular formula of the type of sulphur 
insoluble in carbon disulphide. The latent heat of fusion of sulphur 
is 9 cals, per gram. (St. Catharine’s College, Cambridge, Schol., 
1932.) 1 

We can obtain the molecular depression of sulphur, K f from the 
Buie (§ 244), 

_ 0*027** 

K = £ , 


where T is the freezing point of the pure' sulphur on the absolute 
scale and 

L is the latent heat of fusion. 

Now, T - 119*25° C. * 392*25° Abs. 


1 This question is quoted by permission of the Syndics of the Cambridge 
University Press. 
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and L ■* 9 cals, per gram. 

• R « 002 x t 392 ' 25 /* ' 

9 

= 341 - 8 ° C. 

After the melting, some SA is formed, and the melting point is 
lowered. 100 gms. of the mixture contain 3 0 gms. of SA. Hence, 
1)6-4 gms. of solvent contain 3-6 gms. of solute. The depression is 
119-25° — 114-5° = 4-75°. Let M be the required molecular 
weight. Then, M gms. dissolved in 100 gms. of sulphur depress the 
freezing point by 341-8° 0. 

M 

Hence, X 4-75 gms. in 100 gms. of sulphur depress the 

u4ro 

a M 4*75 X 100 

freezing point by 4-75 C., and - x — — gms. in 96*4 gms. 

of sulphur depress the freezing point by 4-75° C. 

This weight must be equal to 3-6 gms. 

. if _ 3-0 X 341-8 X 96-4 

•* 4-75 X TOO 

= 249 - 8 . 


This corresponds to the formula S 8 (approximately). 

246. Abnormal Molecular Weights.— It. is clear that since all the 
properties described in this chapter are proportional not to the 
weight of substance dissolved, but to the molecular concentration of 
the solution, the effects must be due to the numbers of molecules of 
solute in the solution. If, then, a substance does not dissolve as 
single molecules, the effects will not indicate the true molecular 
weight of the substance as shown by the formula. 

Thus, if a substance associates in the solvent, then the number of 
individual particles present will be half what there w r ould be if 
association did not occur (assuming the association of single into 
double molecules). The molecular wciglit indicated by these 
methods will then be double the true molecular weight, as indicated 
by the formula. 

Similarly, if dissociation occurs (§ 251), as it does whenever a 
metallic salt is dissolved in water, the number of individual particles 
(this time the ions) is greater than the number of molecules that 
there would otherwise be in the solution, and the molecular weight 
indicated by these methods is smaller than that derived from the 
formula of the substance. 

Van’t Hoff introduced into the osmotic pressure equation a 
factor t, which would include these anomalies. The osmotic 
pressure equation then becomes 

PV = iRT. 
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For normal solutions % ■» 1, but for abnormal solutions the factor is 
obtained by dividing the experimental value for the molecular 
depression by the normal value. Thus, when one gram-molecule 
of sodium chloride is dissolved in 100 gms. of water the molecular 
depression is 36, whereas the value for a normal substance is 18*5. 
Hence, i = 36/18-5 = 1-94. 

It is possible to calculate the degree of association or dissociation 
from the values of the molecular weight determined by any of these 
methods. Let us consider first the case of association . Let the 
degree of association be x, and n the number of molecules which 
come together to make the associated molecule. The amount of 
simple molecules left will bo 1 — x. The amount of associated 
molecules formed will be x/n. Hence, the number of particles in 
solution will have been reduced by the ratio 1/(1 — x + x/»). If 
the molecular weight is determined by the depression of the freezing 
point and F 0 is the observed depression, and F e the calculated 
depression assuming no association, then 


but 


M, 



F 0 M t = calc, molecular weight 

Fe where M 0 sss observed molecular weight 



For di&sociation, let x be the degree of dissociation and n the 
number of ions formed from one molecule, then the actual number 
of particles present is 1 — x + nx times greater than it would be in 
absence of dissociation, and the ratio F 9 to F $ is given by 
F 0 1 — x -f nx 

j . i * 

. - M. («-!)• 


SUMMARY 

The laws of dilute solutions derived in this chapter hold only for Ideal 
solutions. An ideal solution is one for which the volume change 
accompanying a small dilution is additive. 



SUMMARY 


001 


When two solutions of the same substance are added to each other 
carefully to avoid mixing, two separate layers are formed, but after 
some months, even if convection currents are prevented, the solutions 
are found to be completely mixed. The force which causes the equal 
distribution of the molecules is the osmotic pressure^ If two solutions 
of different concentration are separated by a membrane which is 
permeable to water, but not to the solute molecules (a semi -permeable 
membrane), wator will pass through the membrane from the weaker 
solution into the stronger one, and, if pure wafer is placed on one side of 
the membrane, the hydraulic pressure set up is tho osmotic pressure of 
the solution. Solutions having tho same osmotic pressure are called 
u isotonic solutions.’* Tho osmotic pressure of a solution is proportional 
to the concentration, and proportional to the absolute temperature. 
The equation governing osmotic pressure is, therefore, PV Kl\ 
where P is tho pressure, V the volume of solution containing l gram- 
molecule of solute, T tho absolute temperature, and K a constant. 
When K is calculated it is found to be identical with tho gas-constant R 
(Chapter V.). Thus, the osmotic pressure of a dilute solution is equal 
to the pressure which the solute would exert if it were a gas at the same 
temperature, and occupying the same volumo as the solution. Observa- 
tion of the osmotio pressure of a solution enables the molecular weight 
of the solute to be calculated, but the practical determination is difficult. 
There is no satisfactory theory of serai -|>ermoftbiiity or osmotic pressure. 
The laws governing gaseous and osmotic pressure, shown to bo identical 
by experiment, can be proved t-o be so by thermodynamics. 

Raoult’B Law of Vapour Pressure Lowering states that the vapour 
pressure of a solution is proportional to tho moi-fraction of the solvent 
present in the solution. Mathematically, 

P» ~ P» — _ n 
P . * N ■+ n 

where p # and p, are the vapour pressures of tho solvent and the solution 
respectively, n is the number of molecules of solute, and N is the 
number of molecules of solvent in the solution. Observations of lowering 
of vapour pressure can be used for determining molecular weights of 
solutes. The methods of determining the lowering are (a) static, in 
which the pressure is directly measured in a barometer tube ; and 
(6) dynamic, e.g., the method of Walker and Ostwald. The dew-point 
method can also be used. 

Since solutions have a smaller vapour pressure than that of the pure 
solvent, they must also have a higher boiling point and a lower freezing 
pointy Equimolecular weights of different substances will raise the 
boiling point of a solvent by tho same amount, or lower its freezing point 
by the same amount. This relationship may be used for determining 
molecular weights of substances in solution, if the elevation of the 
boiling point or depression of the freezing point caused by dissolving 
one gram-molecule of a substance in a known weight of solvent ( 10O gins, 
is usually taken) is known. The methods of determining molecular 
weights of substances in solution, defending upon colligative properties, 
are applicable mainly to non -electrolytes, such as organic substances. 
Abnormal molecular weights are shown by substances which ore either 
uisociated, or dissociated (electrolytes), in solution. 
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SUGGESTIONS TOR PRACTICAL WORK 

Experiment 30. — Determine the molecular weight of urea by the 
vapour pressure method. 

Fit up the apparatus as described on p. 484. The dynamical method 
is to be used. Aspirate air through the apparatus for about six hours. 

Experiment 31. — Determine the molecular weight of urea in water by 
I lie freezing point method. 

LTso the method described on p. 490. East’s method should also be 
tried, using naphthnleno in camphor. 

Also show that potassium chloride in water gives anomalous results. 

Experiment 32. — Determine tho molecular weight of cane-sugar in 
water using tho Landsberger method. 

Details for all these experiments will be found in tho text, and the 
student is advised also to try several others which will bo found in the 
text-books of Practical Physical Chemistry, such as that by Sherwood 
'lay lor, or by Findlay. 


SUGGESTION FOR FURTHER READING 
Fimjlay, A. 44 Osmotic Pressure." (Long mam.) 


QUESTIONS 

(1) Describe n method of finding the molocular weight of a substance 
in solution. 

When 0*25 gm. of a substance was dissolved in 100 gms. of water, the 
freezing point of tho latter was lowered by 0-43° C. Find the molecular 
weight of the substance (molecular depression for water 18*5° C.). 

(2) What methods are available for the determination of the molecular 
weight of (a) a gas, (b) a non-volatile electrolyte ? Describe in detail 1 
one method for the latter class. 

(3) Write tin essay on the properties of dilute solutions. 

(4) Show how tho osmotic pressure of a solution is connected with 
the elevation of the boiling point. 

(5) Tho boiling point of acetone is 50-38° C. A solution of 0-564 grn. 
of a compound in 8-6 gms. of acetone boiled at 56-75° C. What was the 
molecular weight of the compound ? (Molecular elevation for acetone = 
16-7° C.) 

(0) How may observations of the vapour pressure of a solution be 
used to give information concerning tho molecular weight of the sub- 
stance dissolved ? 

(7) How is the latent heat of evaporation and of fusion of a substance 
connected with the molecular elevation or depression respectively ? 

(8) The following results were obtained by Morse in experiments on 
the osmotic pressure of mannitol (C # H u 0 4 ) : — 
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Grams Mannitol 
In 100 gms. Wat«r. 


1*82 

3*64 

6*46 

7*28 


Osmotic Pressor*. 
10* C. 


2*314 atm. 
4*609 „ 
6*940 „ 
9*209 M 


Osmotic Prcmon, 
40® 0. 


2-657 atm. 
6-107 „ 
7*664 H 
10-216 „ 


Show tliat these data agree with the Laws of Osmotic Pressure* 

(9) Raoult found that a solution of 11*346 gms. of turpentine in 
100 gms. of ether, (Cjlf ,),(), had a vapour prossure of 380*1 mm. At 
the temperature of the experiment, the vapour pressure of pure ether 
was 383 mm. Calculate the molecular weight of turpentine. 

(10) Will and Bredig (1889), using the dynamic method of determining 
the vapour pressure lowering of alcoholic solutions, found the following 
results : — 


Substance. 

Weight dissolved In 

30 gms. alcohol. 

Gin*. 

K 

Gms. 

Oms. 

Nitrobenzene 

4*1 

2*034 

0*0684 

Benzoic acid 

4*28 

1*8315 

' <u 

Acetamide . 

5-04 


n 

Atropine 

505 

1*467 

iHjlffi" m 

Vanillin 

2*4 

1*6895 

hle 


6| is the loss in weight of the set of bulbs containing the solution, and 
6 t is the loss in weight of the bulbs containing alcohol. Calculate the 
molecular weights of these substances from the above data. 

(11) Beckmann (1890) found the molecular weight of iodine as 
follows : 1*065 gms. of iodine were dissolved in 30*14 gms. of ether. 
The boiling point of the ether was raised by 0*296° C. The molecular 
weight of ether is 74, and the molecular elevation constant 21*1° C. 
Calculate the molecular weight of iodine. 

(12) Andrews found the heat of vaporisation of 1 gm. of earbon 
disulphide to be 86-72 cals. Its boiling point is 46° C. Calculate the 
molecular elevation constant. 

Beckmann found that 1*4475 gms. of white phosphorus dissolved in 
64*65 gms. carbon disulphide raised the boiling point by 0-486° C. 
Calculate the molecular weight of white phosphorus. 

(13) Pirsch found that 0*685 milligrams of anthraquinone dissolved 
in 8*943 milligrams of camphorquinone lowered the melting point of the 
latter by 16*6° C. If the molecular depression for camphorquinone is 
457° C., calculate the molecular weight of anthraquinone. 

(14) 0*806 milligrams of naphthalene (C l0 H t ), when dissolved in 
9-930 milligrams of bomylamine, produced a depression of the freezing 
point of 32*5® C. Calculate the molecular depression for bomylamine. 

(15) In determining the molecular weights of the alkaloids caffeine 
and morphine, Pirsch obtained the following results : — 

Solvent —Bomylamine. K ■» 406° C. 
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Wt. of Solute. 
Mgms. 

Wt. of Solvent 
Mgme. 

Dejrreetlop of Freezing 
Point. 

•c. 

Caffeine 


0-568 

7*132 

16*1 

Morphine . 

• 

0-876 

10*624 

116 


Calculate the molecular weights of these substances. The theoretical 
values are : caffeine 212, morphine 303. 

(16) H. J. S. King, in research on ammines, found the apparent 
molecular weight of diamininocupric acetate by the boiling point method. 
0*3008 gm. of the salt was dissolved in 21*05 gms. of anhydrous alcohol. 
The boiling point was raised by 0*035° C. The molecular elevation for 
alcohol is 1 1*5° C. Calculate the apparent molecular weight of the salt. 

(17) The molecular weight of selenium oxychloride, SeOCl 2 , in dry 
benzene, was determined by Henley and Sugden (J. C. S. 9 1920, 1064), 
using the freezing point method. The following results were obtained: — 


Gonen. (gmn. per 100 got*, 
of Ueuzene). 

Depression, 

* • C. 

1*925 

0-578° 

4*713 

1-345* 

6-06 

1-641° 


Calculate the molecular weight of selenium oxychloride from each of 
these observations. To what conclusion do they lead concerning the 
molecular condition of selenium oxychloride in benzene solution T 
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ELECTRICAL CONDUCTION IN SOLUTIONS AND METALS 

247. Types o! Conductor. — Fairly early in the history of electricity 
it was realised that solid substances fell roughly into two classes— 
conductors of electricity and non-conductors, or insulators. This 
was known before the discovery of the phenomena of voltaic elec- 
tricity. When, however, Volta made his cell (171M), the conduction 
of electricity by liquids was investigated, and in the year after the 
cell was made (1800) the products of decomposition of water when 
the current was passed through it were being studied. It was soon 
discovered that most liquids, unlike solids, were decomposed by the 
current when it was passed through them. As soon as the current 
stopped, the decomposition ceased, indicating quite clearly that the 
decomposition was in some way bound up with the passage of the 
current. Also, the products appeared only at the poles, where the 
electricity entered or left the solution. The decomposition was not 
general. These liquids, which undergo decomposition, were later 
called electrolytes by Faraday. He also gave names to the poles, 
the positive pole, at which the electricity was supi>o8cd to enter the 
solution, being called the anode , and th\ > negative pole, where it was 
supposed to leave, the cathode . 

Since that time it has been discovered that it is solutions of acids, 
bases and salts which undergo decomposition in this way. 

All that is apparent in electrolysis is a decomposition of the 
solution at the electrodes. It may be pointed out that a certain 
minimum electromotive force must be applied to the electrodes 
before electrolysis will occur. This minimum voltage varies from 
electrolyte to electrolyte, and also depends upon the nature of the 
electrodes. The reason for its existence is that the products of the 
electrolysis in contact with the electrodes cause a back electro- 
motive force (e.m.f.), which must be overcome before electrolysis 
will take place. It is called a polarisation e.m.f. The hydrogen gas 
in contact with the platinum electrode in the electrolysis of water 
causes a back e.m.f since it acts as a voltaic cell. Where there is no 
polarisation, this minimum e.m.f . is no longer necessary. Thus, the 
smallest applied potential will carry out the electrolysis of copper 
sulphate between copper electrodes. In all cases there is a small 
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amount of decomposition as soon as the e.m.f. is applied, no matter 
now small it is, but unless the applied e.m.f. is greater than the 
polarisation e.m.f. there is no further decomposition (see also § 325). 

248. The Grotthus Chain Theory. — The peculiar fact that 
decomposition in electrolysis takes place only at the electrodes and 
not in the bulk of the solution was first explained by Grotthus in 
1805. He supposed that the passage of the current, and the 
chemical changes produced by it, were due to the successive decom- 
position and recombination of particles of the dissolved substance. 
In Fig. 168 the molecules are AB, AB, etc. As soon as the electrodes 
are placed in the solution, these molecules are turned in the direction 
shown in the figure (I) . Owing to the attraction of the electrodes, A is 
split off at one end, and the B part of the molecule finds itself free (II), 
so it attacks the next molecule to it, depriving it of its A portion. 
This goes on all along the chain until the B part of the end molecule 
next the electrode finds itself without any further molecules to 


1 0® O® 0® 0® 

II is m ®® ®® <B| 

III <&D 0® ®® 

Fig. 1(18. — The Grotthus Chain Theory. 

attack, and so is liberated at the electrode opposite to that at 
which the A was originally set free. It will be seen from this theory 
that the two parts of the molecule liberated in electrolysis do not 
come from the same molecule, but from entirely different ones. 
When the B part has been liberated it is seen from the figure that 
the molecules are all the reverse way round to what they were to 
start with, and so, before further decomposition takes place, they 
must all be turned round by the attractive force of the electrodes (III). 

This theory was disproved by the fact that Ohm’s Law (which 
states that the current (I) Bowing in a circuit is proportional to the 
applied electromotive force (2£), the ratio Ejl being the resistance B) 
was found to apply to solutions of electrolytes, and hence all the 
electrical energy was used in overcoming the resistance of the solu- 
tion and none in breaking up the substance into the parts A and B 
referred to above. 

249. Faraday’s Laws of Electrolysis. — The quantitative laws 
governing the decomposition of electrolytes by the electric current 
were derived by Faraday in 1834. These have been referred to 
already in Chapter IL (p. 52), but will be repeated here. Faraday 
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gave the name “ ions ” to the parts into which the molecule was 
decomposed on solution (§ 251 ). His two Laws of Electrolysis are : — 

(1) The amount of decomposition caused in electrolysis is pro- 
portional to the quantity of current passed. 

(2) For the same quantity of electricity passed through different 
solutions the amount of decomposition is proportional to the 
equivalent of the element, or group, liberated. 

Thus, if the same current is passed for the same time through 
solutions of copper sulphate, silver nitrate, lead nitrate, ferrous 
sulphate, and ferric sulphate, the amounts of metal deposited at the 
cathode are proportional to the equivalents of the metals, i.e. t to 
31-78,53-94, 103-61, 27-92, 18*61 respectively. 

The verification of these Laws is a fairly simple matter, and is 
dealt with in Physics. 

250 . The Theory of Clausius.—After the failure of the Grotthus 
chain theory to account satisfactorily for ail the facts of electrolysis, 
no further theory seems to have boon put forward until that of 
Clausius in 1857. It is true that Faraday modified the Grotthus 
theory, but not to any great extent. Clausius stated that, in solution 
an electrotyte is invariably split into its ions, and that then* is an 
equilibrium between the ions and the undinsociatod electrolyte. 
Only a minute proportion of the free ions was supposed to exist at. 
any one time. The free ions were charged, and therefore travelled 
towards the electrodes bearing the opposite charges, and there 
became discharged and liberated as the ordinary products of 
electrolysis. 

This theory was satisfactory, but there was no quantitative 
expression bound up with it. That was left to Arrhenius. 

251 . The Arrhenius Theory of Electrolytic Dissociation. — It has 
been mentioned (§ 246) that metallic salts give anomalous results in 
osmotic pressure determinations, and that van’t Hoff therefore 
introduced the factor i in the expression 

PV = ill? 

to cover these anomalies. Similar anomalies were* also found in the 
lowering of the vapour pressure, and depression of freezing point, 
and elevation of the boiling point, since all these properties are 
connected with osmotic pressure. Arrhenius (1887) stated that 
these anomalies could be accounted for if it were assumed that 
the dissolved substance were partly broken up into electrically 
charged atoms or groups, called ions, and this assumption was 
supported by the fact that the substances which gave the anomalous 
results were all of them electrolytes. Arrhenius too k this view not 
only on the basis of abnormalities in osmotic pressure and other 
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oolligative properties, but also as a result of a great deal of work on 
the conductivity of solutions of electrolytes. On the basis of the 
results of osmotic pressure and electrical conductivity he was able 
to state the extent of the ionisation. 

This view was also put forward by Planck in the same year, 
though lie studied it from the point of view of thermodynamics. 
He was able to say that the observed abnormalities of freezing point, 
etc., could only be brought into harmony with thermodynamical 
laws if the molecules wore supposed to be broken down into parts 
to some extent. 

This theory of electrolytic dissociation has played a very great 
part in the development of electrochemistry. According to this 
theory we must suppose that immediately a metallic salt is dissolved 
in water it is at least partly dissociated into its ions, which are free 
and moving about with random motion in the liquid. When the 
e.m.f. is applied, the ions are attracted towards the electrodes 
bearing the opposite sign, and when they reach it they are discharged 
and appear at the electrode in their normal condition. 

This theory, when it was first put forward, met with the greatest 
opposition, and some of the arguments against it are worth while 
mentioning here. The arguments for it are given later (§ 267). 

(1) In many cases the ions producod were of substances which 
would react with water in the ordinary state. It was argued that 
the sodium ion could surely not exist in the presence of water, 
having regard to the well-known violent action of sodium on water. 
Also chlorine could surely not exist in the free state in a solution of 
sodium chloride, since it is a green gas. But this argument arises 
from a misconception of the theory. The theory states that the 
ions of these substances, and not the substances themselves, exist 
in solution. The ions are the charged atoms or groups, having lost 
or gained electrons (§ 59). The point is very clearly brought out 
when we consider the difference between an ion and an atom 
according to the electronic theory. 

(2) It waa said that the affinity between the different parts of the 
molecule, e.g. 9 sodium and chlorine in sodium chloride, was very 
great, and that the mere fact of solution in water should be insuffi- 
cient to break down the bond between them. It is not, however, 
the affinity between the atoms, but that between the ions, that is in 
question. It is now known that common salt is ionised even in the 
solid state. 

(3) If there are ions in solution it was argued that it ought to be 
possible to separate them by diffusion. The electrical charges 
carried by the ions would however tend to prevent this ; being 
equal and opposite, they would tend to keep the ions in the form in 
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Wbloh they occur in the space lattice of the crystal. It is, however, 
possible to effect a slight separation by diffusion. Tolman (1911) 
centrifuged solutions of certain iodides, and found that the ends of 
the tubes containing the solution became charged oppositely, 
presumably owing to the heavier iodide ions being in excess at one 
end, and the lighter metal ions at the other. 

(4) It was at first thought that all instantaneous reactions in 
solution were due to interaction between ions. Several such 
reactions between substances in non-conducting solutions were, 
however, discovered, and these were brought forward as arguments 
against the dissociation theory. It is now known that instantaneous 
reaction need not necessarily take place between ions, so this 
argument carries no weight. 

Numerous other objections were put forward, and other methods 
of explaining the anomalies in the colligativc properties were given, 
but all have been shown to bo of no importance. The evidence for 
the truth of the theory of dissociation is now so strong that it is 
held by every chemist. 

The view of Arrhenius was that all electrolytes are partly disso* 
ciated into their ions on solution in water. , It is now believed that 
certain substances, called strong electrolytes 1 (e.g.> sodium chloride, 
hydrochloric acid, etc.), aro completely dissociated in aqueous solu- 
tion. The apparent degree of dissociation shown by these electro- 
lytes is due to interionio forces. This view will be developed in 
greater detail in Chapter XIII. 

252. Electrolysis. — For purposes of revision, a few examples of 
electrolysis are given here. The outline schemes are self- 
explanatory. 

(1) Electrolysis of Dilvie Sulphuric Acid . — The solution contains 
hydrogen and sulphate ions (and also HS0 4 “ ions). The first are 
charged positively, the rest negatively. The total charges on the 
ions must be equivalent, as the solution is not charged. When two 
electrodes connected to the poles of a battery are placed in the 
solution, the positively charged hydrogen ions travel to the cathode. 
There they gain electrons from the negatively charged plate, and 
become neutralised, and are liberated as ordinary hydrogen. The 
sulphate ions are attracted to the anode, where they give up their 
electrons and are neutralised. The sulphate radical, however, 
reacts immediately with water, and instead of being set free as the 
radical, ft re-forms sulphuric acid, and oxygen is given off. The net 

1 Strong electrolytes are those electrolytes which do not obey Ostwald’a 
Dilution Law (g 271), and the class comprises most electrolytes which give 
good conducting solutions at moderate dilutions. This definition will be 
more dearly understood after reading Chapter XIIL 
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effect is the formation of hydrogen and oxygen at the electrodes 
(actually it is just aa if water itself had been electrolysed). The 
reaction between the sulphate radical and water is known as a 
** secondary ” effect. The occurrence of these seoondary effects 
frequently makes the results of electrolysis very complicated. The 
electrolysis of dilute sulphuric acid between platinum electrodes 
may be represented by the following scheme : — 

H.S0 4 ^2H+ + S0 4 - 

A \ 

y/ cathode X anode 

2H + + 2e = 2H SO.- - - 2e = SO. 

211 = H 2 2H 2 0 + 2SO. = 2H 2 SO. + 0 2 . 

If the acid is about 50 per cent., there is a large proportion of HSO.~ 
ions, and if a point anode is used (to giro high current density) the 
conditions are favourable for the production of persulphurio acid, 
H^.Og. 

HgSO. ^ H+ + HSO." 

^ cathode x— . 

II * + e = H HSO.-- c = HSO. 

2H = H 2 2HSO. =H 2 S 2 0 8 . 

(2) Electrolysis of Sodium Hydroxide Solution between Platinum 
Electrodes. 

NaOH^Na* + OH- 

/ X 

*■ cathode anode 

Na+ + e = Na OH - — e = OH 
2Na -|- 2H.0 = 2NaOH + H, 40H = 2H 2 0 + O t . 

(3) Electrolysis of Copper Sulphate Solution between Platinum 
Electrodes. 

CuSO. ^ Cu-h- + SO.-- 

thlhode \ .nod. 

Cu+ + + 2e = Cu SO.- " - 2« = SO. 

2SO. + 2H 2 0 = 2HjSO. + O t . 

(4) Electrolysis of Copper Sulphate Solution between Copper 
Electrodes. 

CuSO. Cu++ + SO.-- 

K^Mthode jutod. 

Ca+ + + 2c = Cu so.- - - 2c = so, 

Cu + SO. — CuSO,. 

rhe anode dissolves, and copper is deposited on the cathode. The 
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chief effects of electrolysis are summed up in the following 
Table:— 


Table LXXXII. — Effects of Electrolysis of Aqueous 
Solutions of various Substances 

Cathode, ! Anode. 

Hydrogen, or product 1 Product of reaction of the 
of reaction of the ! neiri radical 
acid with nascent I (a) With itself, e.p., 
hydrogen. I Cl -f- Cl * Cl, ; ON -f 

I CN - (ON),. 

(6) With the anodo, if of 
reactive material, t.g., 

Ou H SO, » CuS0 4 . 

(c) With water, the acid 
being reformed, and 

oxygon evolved, e.g>, SO| 
I- >1,0 « H,S0 4 + 0. 

{d) Breakdown of the acid 
radical, t.g., 2CH,C00 «* 
C,H, + 200,. 

Hydrogen and hy- As aliove, with the addition 
droxide, or oxide »of (e) product of inter- 

of metal. action of tlm acid radical 

with the cathode liquid, 
e.0., 2NuOU -f- Cl, ~ 
NaOCl + NaCl + H,0. 
Metal. Ah above. 

Hydrogen and free As above, 
ammonia, or amine, 
or amine hydroxide, 
if stable. 

858. The Determination of the Conductivity of an Electrolyte,— 

The resistance of a circuit is given by Ohm’s Law as t^c ratio of the 
applied voltage to the current which flows. Thus 

E/I = It, 

where E is the voltage in volts, I the current in ampfercs, and R the 
resistance in ohms. 

In order to be able to compare the resistances of different sub- 
stances, the specific resistance is used. Tb is is defined os the resistance 
of a specimen of the material of length 1 cm,, and l sq. cm, area of 
cross-section. The specific resistance is sometimes called the 
resistivity. If l is the length of a conductor, and a its area of cross- 
section, and R its resistance, then it follows that 

R - 8lla t 

where 8 is the specific resistance. 
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The reciprocal of the specific resistance is called the conductivity, «, 
or sometimes the specific conductance of the material. 

These definitions apply equally to electrolytes and to solids* 
though the matter is somewhat complicated in the case of electro- 
lytes by the conductivity being dependent upon concentration, and 
therefore, to obtain comparable results for different solutions, it is 
necessary to compare their conductivities at equivalent concentra- 
tions. 

The equivalent conductivity is defined as the specific conductance 
multiplied by the volume in c.c. containing 1 gm. equivalent of the 
electrolyte . It is usually given the symbol A . Hence if k is the 
specific conductivity, and V the volume containing 1 gm. equivalent, 

A =* #cF. 

The molecular conductivity is the specific conduct- 
ance multiplied by the volume in c.c. containing 
one gram-molecule of the electrolyte . It is usually 
given the symbol p. 

Having defined the terms, it is now possible 
to proceed to the method of determining the 
conductivity of an electrolyte. We will suppose 
that we require the equivalent conductivity of a 
solution of oommon salt at 15° C. The 
temperature must be specified, since the resist- 
ance varies considerably with temperature. 

A modification of the Wheatstone's bridge 
method of determining the resistance of a solid 
conductor is used. The solution of which the 
resistance is required is placed in a special cell, 
a common form of which is shown in Fig. 169. 
It is necessary that the distance between the 
electrodes should remain quite fixed during an 
experiment, yet it is desirable not to have them permanently fixed. 
The distance apart of the electrodes and their area of cross-section 
must be known, if it is desired to determine the conductivity of a sub- 
stance without the use of a reference electrolyte. It is very difficult 
to measure these, and so it is usual to determine the resistance of a 

solution of potassium chloride of known concentration 

in the cell, and, from the known conductivity of this solution, to 
calculate the 41 cell constant," the factor by which the observed 
resistance has to be multiplied to obtain the specific resistance of 
the electrolyte. 

When a current is passed through an electrolyte, polarisation ol 


(usually^) 




I mm 


L 




i 


Fig. ISO. — Con- 
ductivity Cell. 



DETERMINATION OF CONDUCTIVITY 


MS 

the eleotrodes occurs if gases are evolved during the electrolysis. 
The presence of the layer of gas at the electrodes causes a considerable 
increase in the resistance, and in conductivity measurements must 
be prevented. This is usually done by employing a rapidly alter- 
nating e.m.f., which, if it is symmetrical, produces no polarisation, 
the polarisation produced by one half of the wave being immediately 
neutralised by that due to the other half. As a source of the 
alternating current, Koldrausch used a small induction coil, though 
actually this gives not pure alternating current, but a pulsating 
direct current, and cannot be used for very accurate work. High- 
frequency generators have been used, but recently the ordinary 
wireless valve has been employed. It is found that the conductivity 
of a solution varies with the frequency of the current used, so that 
for very accurate work the frequency should bo known. Further, 

Cell 

Resistance Box 


Source of 

Alternating Current 

Ao. 170. — Circuit for determining Conductjviiv. 

to avoid polarisation, the electrodes, which are of platinum, are 
coated with platinum black by electrolysing a solution of platinum 
chloride in the cell before any experiments are done with it. 

An ordinary galvanometer will not detect an alternating current. 
Galvanometers can be made for alternating current, but they are 
not, as a rule, so sensitive as direct-current instruments. Telephones 
are frequently used, sometimes in conjunction with a valve amplifier, 
lor greater sensitivity. 

The circuit is arranged as shown in Fig. 170. The sliding contact 
Cis moved along the bridge wire AB, until the position of minimum 
sound in the telephones T is obtained. The ratio of the lengths of 
the bridge wire is equal to the ratio of the resistances : — 

Resistance of electrolyte __ AC 
Resistance in box BC’ 

In carrying out an experiment, the electrodes of the cell are first 
platinised by putting some platinum chloride solution into the cell, 
and passing the current for half -minute intervals in each direction. 
When the electrodes are thoroughly blackened, they are removed, 
and the cell and electrodes thoroughly washed with distilled water. 
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The cell is now filled with distilled water, and its resistance deter- 
mined. If the resistance is less than 2 — 4 x 10 6 ohms, the 
electrodes still contain soluble matter, which must be removed by 
further washing. The washing must be repeated until the resistance 
reaches the above figure. For accurate work the cell should be 
placed in a thermostat, the usual temperature being 25° C. The 
cell is now filled with a potassium chloride solution containing 
0*1 gram-equivalent in 1 litre, and the resistance found. The 
conductivity of a N/10 potassium chloride solution is known 
(Table LXXXIII). The “ cell constant ” can now be calculated. 
The conductivity k is connected with the resistance by the equation 

l 

*~aR' 

where the symbols have the meanings given at the beginning of this 

l 

paragraph. The cell constant is and is thus found by multiplying 
k by JR. * 

The ceil is now thoroughly washed out, as before, filled with the 
solution under test, and the resistance again determined. If R f is 
the resistance, k the cell constant, then the conductivity of the 
solution, is given by 



Table LXXXIII.— Conductivity of D/10 1 Potassium Chloride 
at various Temperatures (Parker and Parker) 



1 The symbol D/10 stands for a concentration of one gram -equivalent in 
one cubic decimetre. The cubic decimetre is not exactly one litre, as at present 
defined, but is equal to 0*999973 litres . This arises from the fact that although 
the cubic centimetre was the original unit of volume, the litre has now been 
defined, not as 1,000 c.c., but as the volume of 1 kilogramme of pure, air-free 
water at the temperature of maximum density and under a pressure of 760 mm. 
This volume is not quite 1,000 c.c., but a little greater. In order to avoid 
confusion, many workers use the millilitre (ml.) instead of the oubic oentiroetro 
(c.c.) as a unit. Since the volume involved in our definition of equivalent 
conductivity is the c.c., we must use the cubic decimetre instead of the litre 
if very accurate results are necessary. T n the experiment, as described above, 
it would not be necessary to make this correction, as there are other source* 
of error of greater magnitude. 






DETERMINATION OP CONDUCTIVITY 


515 


The molecular and equivalent conductivities of the solution are 
found by multiplying the conductivity, *\ by the volume in c.cs, 
containing one gram-molecule, and one gram -equivalent respectively. 

For very accurate work, solutions should be made up with 
specially purified water, known as conductivity water. It is not 
usually satisfactory to determine the resistance of the water and 
subtract it from the resistance of the solution. Kohlrausch and 
Heydweiller (1894) prepared very pure water by distilling it forty- 
two times, under reduced pressure. The water had a conductivity 
of 0-043 X 10“* mhos. 1 It is a moot point whether this value has 
any real significance, as, by the process of distillation, the proportion 
of HjO to HJO in water is altered, and the composition of Kolil- 
rausch and Heydweiller’s specimen is not known. 

For ordinary purposes conductivity water is prepared by distilling 
freshly distilled water with a small amount of potassium perman- 
ganate in a retort made of resistance glass, with a condenser of 
block-tin, or of resistance glass. Any corks used must be covered 
with tin-foil. Several stills have been devised for the routine 
preparation of conductivity water. 

To illustrate the meaning of the terms an example may be taken. 
The resistance of a cell filled with N/5 0 potassium chloride at 25° C. 
was 550 ohms. The conductivity of N/5 0 KC1 at this temperature 
is 0-002768. The cell was then washed out and filled with an ilf/10 
solution of zinc sulphate at the above temperature. Its resistance 
was then 72-18 ohms. What are the molecular and equivalent 
conductivities of the zinc sulphate solution ? 

The oell constant is first obtained. This is equal to the specific 
conductance of the KC1 divided by the conductance measured. 
Conductance = 1 /resistance, and for the solution of KC1 = 1/550 
reciprocal ohms, or mhos. Hence, the cell constant 

ft = 0-002768/1/550 = 550 x 0 002768 
= 1-523. 


The specific conductance of the zinc sulphate solution is therefore 


1-523 

72-18 


= 0 - 02110 . 


The molecular conductivity is the conductivity multiplied by the 
volume in c.c. containing one gram-molecule, in this case 10 litres. 
Hence, the molecular conductivity is 

0-02110 X 10,000 = 211-0. 

The equivalent conductivity is the conductivity multiplied by the 
volume 0216 equivalent of the electrolyte. The equivalent 


1 Hi mbo is tbs reciprocal ohm. 
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of due sulphate is one-half of the molecular weight. The volume 
containing this will be 5 litres, and so the equivalent conductivity 
is 105-5, 

254, Variation o! Conductivity with Dilution. — Although the 
actual conductivity of an electrolyte gets less as it is progressively 
diluted, yet it is found that the molecular and equivalent conductivi- 
ties increase with dilution until a maximum limiting value is 
reached. Curves for a few typical substances are shown in Fig. 171. 
Tho figures for potassium chloride are given in Table LXXXIV. 
Note that the conductivity gets less, but tho equivalent conductivity 
increases with increasing dilution. 

Table LXXXIV. — Conductivity of Potassium Chloride 
Solution at 18° C. 


— — — ' — \ 

\ 

Concentration gm.- 
eqult . per Litre. 

Volume containing 
1 gm -equiv. 

V c.c. 

Conductivity. 

Equivalent 

Conductivity. 

A 

Apparent degree 
of Dissociation. 
A* 

Am 

0 

00 


(129-9) 

(1-00) 

0*0001 

10,000,000 

0-00001291 

129-1 

0-994 

0001 

1,000,000 

0-0001273 

127-3 

0-980 

001 

100,000 

0 001 224 

122-4 

0*943 

01 

10,000 

001 12 

112*0 

0-862 

10 

1,000 

0-0083 ! 

98-3 

0-757 



Dilution 
V litre* 

Fla. 171. — Showing the Form of the Conductivity -dilution Curve. 

255. Degree of Dissociation.— The limiting value approached by 
the equivalent conductivity oa the solution is diluted is called the 
equivalent conductivity at infinite dilution , The amount of ourrent pass- 
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ing dearly depends upon the number of ions present in the solution, 
for they are the sole carriers of the current, and also upon their 
mobility, or the ease with which they get through the liquid. The two 
factors, then, upon which the conductance of a solution will depend 
are (a) the number of ions and (6) their mobility. Arrhenius assumed 
that the latter did not vary with dilution, and so the only reason 
for the increased equivalent conductivity must lie in the formation 
of more ions. At infinite dilution he supposed that the electrolyte 
was completely dissociated. Since the current flowing is propor- 
tional to the number of ions present, the amount of dissociation at 
any dilution will be given by 



a is called the degree of dissociation of the electrolyte, and, of 
course, varies with the dilution. A v is the equivalent conductivity 
at dilution v (t.e., one gram-equivalent dissolved in v c.c. of solution), 
and is that at infinite dilution. This is an extremely important 
relationship and will be frequently used in what follows. 

It must be borne in mind that although all electrolytes give a 
value fora, it is now believed that strong electrolytes are completely 
dissociated at all dilutions, and that a for them represents the effect 
of interionic forces on the mobility of the ions. It is therefore 
called the “ apparent degree of dissociation ” for strong electrolytes 
(§ 274 ). 

256. Effect of Dissociation on Osmotic Pressure and other Colli* 
gative Properties. — It has already been mentioned that the osmotic 
pressure laws do not apply to electrolytes, and that van’t Hoff used 
the expression 

PV = HIT 

to take account of these anomalies (§ 246 ). It follows that » is 
equal to the ratio of calculated molecular weight to the observed 
value. It is found that the value*? of i are practically the same 
whether they are derived from osmotic pressure or freezing point 
observations, t varies with the dilution of the solution. 

The fact that there is such a factor as i which must be introduced 
in the osmotic pressure equation to explain the observations means 
that the molecules may be broken down into smaller parts. The 
natural assumption to make, when the facts of electrolysis are 
known, is that these parts are the ions, and this is largely confirmed 
by the values of » obtained. Thus, for potassium chloride, the value 
is 1*88 ; for magnesium chloride it is 2*68, and for calcium nitrate it 
is 2*41, the dilution in all cases being 20 litres (t.e., ] gm. -equivalent 
is dissolved in 20 litres). It will be noted that for a substance which 
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splits into two ions (such as potassium chloride), the value of i 
approximates to 2, whilst for those which split into more than two 
ions it is greater than 2. The best proof of the connection between 
the phenomena of osmotic pressure and electrolysis is given by the 
fact that the degree of dissociation found from electrical conductivity 
agrees fairly well with that obtained from the osmotic pressure 
figures. If a is the degree of dissociation, then 
i s (n — l)a + 1, 

where n is the number of ions formed from one molecule of the 
electrolyte. The derivation of this equation is given in § 240 The 
figures in Table LXXXV. enable a comparison to be made. 


Table LXXXV.— Degree of Dissociation from Freezing Point 
and Conductivity Observations 


Substance. 

Dilution. 
Volume Vn 
UtrrH con- 
taining 

1 gin.-cquiv. 

1 

a trom 1 

Freezing 1 
l'oint. 

a from 

Conductivity. 

Potassium chloride 
n «= 2 

200 

20 

1-96 

1-88 

0-96 

0*88 

0-97 

0*90 

Potassium nitrate 

200 

1-96 

0-96 

0*95 

n = 2 

20 

1-85 

0-85 

0*87 

Hydrochloric acid 

200 

mm 



n *= 2 

10 

BmbH 


0*92 

Nitric acid 

200 

1*97 | 

0-97 

0*98 

n -2 

5 

1-87 

0*87 

0*92 

Sodium hydroxide 

200 

1-99 

0*99 

0*96 

n =s 2 


1-83 

0*83 

0*91 

Calcium nitrate 

■ 

2*41 

0*70 

0*73 

n * 3 

■ 1 

2*41 

0-70 

0*68 

Potassium ferrocyanide 

i 

3-32 

0*68 

0-54 

ft as 6 

10 

2-79 

0*45 

0*40 


The fact that the values of a obtained from conductivity and 
freezing point observations do not agree exactly for strong electro- 
lytes points to the conclusion that the degree of dissociation for these 
substances is only apparent. As has been pointed out already, a is 
not a degree of dissociation for strong electrolytes, but a measure of 
the interionic forces (§ 274). 
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257. Conductivity and Viscosity. — Experiment# have been carried 
out which indicate that there is an increase of resistanoe of the 
solution with increase in viscosity, the ions being hindered in their 
motion ; but this effect is not simply bound up with the viscosity. 
It has been supposed that the conductivity is inversely proportional 
to the viscosity, but it is probable that the law is nothing like so 
simple as this. If it were, there should be very little conductance 
through an electrolyte dispersed in a jelly, whereas the conductivity 
appears to suffer very little by this. 

258. Effect of Temperature on Conductivity. — The conductivity 
of an electrolyte is increased much more than that of a metal by a 
given rise of temperature. The effect is probably due chiefly to 
alteration of the mobility of the ions, and not of their number. In 
turn, this variation of mobility may be affected by change in viscosity 
of the solution. 

259. The Independent Mobility of Ions. — Kohlrausoh, from a 
study of the equivalent conductivity of various electrolytes at 
infinite dilution, found certain relationships. Thus, if we take the 
two salts potassium chloride and nitrate, and compare their equi- 
valent conductivities at infinite dilution with those of the corre- 
sponding sodium salts, we have 



Potassium. 

Sodium. 

Chloride • 

• 

• j 

13010 

108-09 

Nitrate 

• 

* 

126-60 

105-33 


The value (KC1 - KNO a ) = 3-60, whilst (NaCl - NaN0 8 ) = 3-66. 
(KC1 - NaCl) = 2111, and (KNO a - NaN0 3 ) = 2M7. Thus, the 
difference of two anions is constant, as is also the difference of two 
cations. This led Kohlrausoh to state that the equivalent con- 
ductivity at infinite dilution was made up of two parts, that due to 
the anion and that due to the cation. If we have a salt such as 
silver nitrate, its equivalent conductivity at infinite dilution will be 
the sum of two terms, one due to the silver, and the other to the 
nitrate ion. These terms were called the “ mobilities.*' The law is 
known as the Law of Independent Mobilities. 

It is obvious that once one mobility is known (this can be obtained 
by a transport number experiment, § 261), all the rest can be 
obtained from the experimental values of A* for different salts. 

The values of some ionic mobilities are given in the Table. 
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Table LXXXVL— Ionic Mobilities 


ton. 

Mobility. 

Ion. 

Mobility. 

lOB. 

Mobility. 

Ion, 

Mobility. 

Li 

33*4 

Cs 

68 

C,HgO, 

35 

4 Cu 

45*9 

Ntt 

43-4 

H 

313-9 

OH 

174 

*Cd 

46*4 

F 

46-6 

nh 4 

64-3 

NO, 

61-8 

1 Sr 

51-9 


64*3 

i Mn 

28 

CIO, 

64 

i Uu 

55-4 

K 

64-6 

iCo 

43 

1 Ni 

44 

IPb 

60*8 

Cl 

6f>‘5 

8CN 

66-7 

4 Fe» 

45 

1 so, 

68-5 

ti 

65-9 

10, 

34 0 

j he*** 

61 

iCrO. 

72 

I 

66-25 

CIO, 

54*87 

J Cr— 

45 

i CO. 

[ 60 

Br 

67-7 

BrO, 

47*6 

4 Mg 

45*9 

IFe(CN),"" 

95 

Rb 

67*5 

10, 

48 

4 Zn 

47-0 

i A1 

40 


By means of these values it is possible to calculate the equivalent 
conductivity of any electrolyte at infinite dilution. Thus, the value 
of the equivalent conductivity of potassium sulphate at 

infinite dilution = 04-6 + 68*5 = 133*1. 

The Table shows that the hydrogen and hydroxyl ions have much 
greater mobilities than any others. It must be remembered that 
these arc not the absolute velocities of migration of the ions (§ 262). 

The Law of Independent Mobilities is especially useful where the 
experimental determination of the conductivity at infinite dilution 
cannot be carried out with accuracy owing to the high value of the 
’resistance. Thus, to find the conductivity of acetic a$id at infinite 
dilution, we may determine that of hydrochloric acid, potassium 
acetate, and potassium chloride. In all these cases the experimental 
determination is possible, as the resistances are not too high. Then, 
if the Law of Independent Mobility of Ions is true, 

A m KC1 = [K] + [Cl], 

A m K Ac = [K] 4* [Ac], 

A m HC1 = [H] + [Cl], 

A [H] + [Ac] = [H] 4 [Cl] 4 IK] 4 [Ac] - {[Kl 4 [Cl]}, 
or, J* HAc = A „ HCl 4 KAc — A n KC1, 

where symbols in square brackets denote mobilities. 

260. Transport Numbers. — The fact that in electrolysis the ions 
move with different speeds causes changes in concentration round 
the electrodes. The way in which this change is connected with the 
speed of the ions is best shown by means of a diagram. In Fig. 172 
the black dots represent anions and the circles cations. In a 
molecule the two may be supposed to be in conjunction. 

We shall divide the solution into three compartments by means 
of imaginary partitions, aa and 66. The state of the solution before 
electrolysis may be represented by the line I. Here every anion is 
associated with a cation. This does not mean that dissociation has 
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not taken place, but since there is random motion, and there are 
exactly a s many anions as cations, the probability is that an anion 
will find itself in the neighbourhood of a cation. Suppose that the 
ions move with the same speed ; then whilst, say, two unions have 
crossed the partitions towards the anode, two cations will have 
crossed in the opposite direction towards the cathode. The state 
of the solution is shown in line II. Line ill shows these ions 
liberated and also the fact that, though both anode ami cathode 
compartments have become weaker, they have become so to the 
same extent. 

Now suppose the anion moves twice as fast as the cation. Four 
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Kk;. 172. — To illustrate Unequal Mobility of Tons. 

anions will therefore pass across the partitions towards the anode, 
and only two cations will pass to the cathode. The state of the 
solution is nov as in IV. After liberation of the ions at the elec- 
trodes, there fire twice as many undischarged anions and cations in 
the anode compartment as there are in the cathode compartment. 
Thus, the fall of concentration at the anode divided by that at the 
cathode is equal to 1/2. Thus 

loss at anode _ speed of cation 
loss at cathode ~ speed of anion 
It is useful to remember that the loss at any compartment is pro- 
portional to the speed of the ion which is leaving it. The student 
should convince himself of the truth of this statement by trying 
other relative speeds, such as 5/3. The remarkable fact that 
although the amounts of substance liberated at each pole are 
equivalent, yet one ion moves faster than the other, is thus accounted 
for. 

Suppose that a fraction of the current n is carried by the anion ; 
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then an amount 1 — n must be carried by the cation. Since the 
amounts of electricity carried are proportional to the speeds of the 
ions (§ 25*5), we have 

loss at anode 1 — n 
loss at cathode » 
or, the value n is given by 

fall in concentration round cathode 

9 ! = — - , — — 

total fall round anode and cathode 
Hittorf, to whom the above reasoning is due, called n the transport 



number of the ion. If n is the figure for the anion, then 1 — n 
must be that for the cation. If u is the velocity of the anion, and v 
that of the cation, then 

n __ loss at ca thode __ u 
1 — n ~~ loss at anode ~~ v 

261. Determination of Transport Numbers. — It was a condition of 
the above reasoning that the concentration in the middle compart- 
ment remained constant. Hence, in any experimental determina- 
tion of transport numbers ease must be taken that this is fulfilled. 
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Hittorf used the apparatus shown in Pig. 173. He used as electro- 
lyte sodium chloride solution, and the anode was of cadmium, the 
cathode being of platinum. The action of the chlorine liberated at 
the anode produces cadmium chloride, and the cadmium ions move 
towards the cathode. Being much slower than the sodium ions, 
they never catch them up, and the cadmium chloride therefore 
remains as a separate layer. At the cathode all the chlorine ions 
have gone away, and are replaced by hydroxyl ions produced by 
the action of the sodium liberated there on the water. These ions 
are fairly fast, and therefore pass down nto the solution, producing 



mixing. A similar apparatus is shown in Fig. 174. Here the three 
portions are tapped and can be run off for analysis without disturbing 
the rest. 

The following are some results of the Hittorf experiment, and are 
given to show the method of calculation. 

The original solution contained 0*01784 per cent, chlorine, the 
weights of chlorine in the three parts of the apparatus before and 
after electrolysis being 

Before. After. 


Anode part . 0 04048 gm. . 0 04671 gm. 

Central part . 0*03482 „ . 0 03483 „ 

Cathode part . 0 06913 „ . 0*05289 „ 

Note that the composition of the central part remained unchanged, 
within the limits of experimental error. 
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The weight of silver deposited in a silver voltameter connected in 
series with the transport number tube was equivalent to 0*01021 gm. 
chlorine. 

From the above data, the gain in the anode part was 0*00023 gin., 
whilst the loss in the cathode part was 0*00624 gm. 



The transport number of Cl“ in the electrolyte is therefore 
loss round cathode 
total Foss 
000624 
001021 


0-611. 


The transport number of the sodium ion is therefore 0*389. 

The common form of transport number tube used in elementary 
work is shown in Fig. 175. Suppose it is to be used in the determina- 
tion of the transport numbers of the silver and nitrate ions in silver 
nitrate solution. Suppose that both electrodes are of platinum, 
and that the solution of silver nitrate has deposited on the cathode, 
during the electrolysis, 1*2591 gms. of metallic silver. A certain 
volume of the solution taken from the region of the anode now 
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contains 12*5533 gms. of silver, whereas before it contained 13*1426 
gms. The solution at the anode has therefore lost 0*5803 gm. of 
metal. The total loss is 1*2591 gms. of silver. Hen<5e, the transport 
number of the cation 

_ loss ro u rid anode 
total loss 


(H5893 
* 1*2591 


0457. 


The transport number of the anion is therefore 1 — 0*457 — 0*543. 

In some forms of the apparatus the anode is of silver. In this 
case a silver voltameter must be connected in the circuit, but the 
calculation is of similar form to the above. 


Table LXXXVII. — Transport Numbers or Anions of Salts in 
Mj 10 Solution at 18° C. 


Suit. 

Transport Number 
of Anion. 

Salt. 


KCl . . I 



AgNO,- . . 

0-528 

KBr . 

NH,C1 . 


0-508 

KOH . 

HC1 . 

0735 

0-172 

KI . . J 



i Bo Cl, . 

0-585 

NaCl . 

0-617 

i Oil, . 

0-71 

LiCl . 

0-69 

JCuSO, 

0-632 

KNO, . 

0-497 



The arrangement of apparatus for carrying out a determination 
of the transport numbers of the silver and nitrate ions is shown in 
Fig. 176 4 y Suppose the transport number tube is fitted with a 
silver anode, and a platinum cathode. F is a silver voltameter, 
made by placing two pieces of platinum foil, mounted on platinum 
wires, in silver nitrate solution. A solution containing 17 gms. of 
silver nitrate in 1,000 gma. of water is made up, and 100 gms. of this 
solution are weighed into the voltameter. The transport apparatus 
is filled with the silver nitrate solution. A small current is 
required for this experiment. A 50* volt battery is convenient ; if 
not available, a suitable resistance may be placed in the mains 
(which must be direct current, not alternating), The current is 
passed for about five hours. Whilst the electrolysis is proceeding, 
two 50*gm. lots of the silver nitrate solution are weighed out and 
titrated against standard potassium thiocyanate (N/IQ). When the 
experiment is finished, about as much liquid ss would fill the anode 
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limb is run off from the transport apparatus into a weighed flask, 
and weighed. It is then titrated with N / 10 potassium thiocyanate. 
The siiver solution from the voltameter is also titrated. From 
these results the required transport numbers can be obtained. 

To show the method of calculation, let the 50 gms. of silver 
nitrate solution started with require x c.c. of N / 10 potassium 
thiocyanate. JThe titre of the solution in the voltameter at first 
would therefore be 2x. 

Let its titre at the end of the experiment be y c.c. Then the 
amount of ourrent passed is proportional to 2x — y. 

The anode solution weighs to gms. and requires z c.c. of thio- 
cyanate. But, an amount of silver proportional to 2 x — y c.c. of 
thiocyanate has been dissolved from the anode by the passage of 
the current. Hence, the amount of the original silver nitrate left 
is proportional to z — (2x — y). 


v wm 


Voltameter 


Transport 

Tube 






Resistance Battery 
Flo. 176. — Apparatus for determining Transport Numbers. 


The silver nitrate originally present in w gms. of solution corre- 
sponds to w\r/50 o.c. potassium thiocyanate. Hence, lo.:s of silver 
from anode is proportional to (wx/50) - z -f ~ y c.c. potassium 
thiocyanate. Hence, transport number for the cation (silver) 

loss at anode 
total loss 

(tftg/50) — z -f 2x — y 
^ 2x — y 

262. Absolute Velocity o! Ions. — The ionic mobilities of Kohlrausch 
are not the absolute velocities of the ions. These may be obtained 
as follows : In determining absolute velocity of ions it is dear that 
the speed will depend on the potential gradient in the solution. It 
is therefore necessary to specify this, and the absolute velocity is 
measured in cm. per sec. for a potential gradient of I volt per cm. 

Consider the solution in a centimetre cube, the electrodes being 
at the shaded faces. Let there be a potential of l volt between 
them. The current flowing through the oell will then be numerically 
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equal to the specific conductivity, #c (by definition), and will be in 
amperes. Let the concentration be c, and let it be so small that the 
solution may be assumed to be completely ionised. The amount of 
electricity passing through the cube in one second will be 

K = cA„ = c(n + v) t 

where u is the ionic mobility of the anion, and v is that of the 
oation (§ 259). 

Let U and V be the absolute velocities of the anions and the 



Fig. 177. 


cations respectively. All the anions witHto a distance U cm. of the 
anode will have moved up to it in one second, and all cations within 
a distance V cm. from the cathode will have moved up to it in one 
second. These correspond to Uc and Vc gm. -equivalents respec- 
tively, since 1 c.c. contains c gm.-equivalents. They will involve 


colourless—' 




^boundary 


Flo. 178. — Lodge’s Tube. 


red 


the transfer of 96,500(17 + V)c coulombs (from Faraday’s Second 
Law, § 249). * 

Hence, 96,500(17 + P)c = c{u + v). 

Since A m ** u + v, 

TJ — U and V — V - 

~ 96,500’ - 96,500* 

The absolute velocities of the ions are therefore obtained by dividing 
the ionic mobilities by 96,500. Thus, the ionic mobility of the 
hydrogen ion is 313-9, hence, its absolute velocity is 313-9/96,500 

mb 0*00325 cm, per sec. for a potential gradient of 1 volt 
per cm. 



52* . ELECTRICAL CONDUCTION IN SOLUTIONS 


The absolute velocities of the ions are much smaller than one would 
suppose. The fastest of them, the hydrogen ion, thus moves only 
with a velocity of 0 00325 cm. per sec., under a potential gradient 
of 1 volt. 

The actual velocity of the ions can be observed by Lodge’s 
moving boundary method. A tube of the form shown in Fig. 178 
is filled with a jelly of agar-agar, phenolphthalein being added, and 
the whole being coloured red by the addition of a trace of alkali 

during the preparation of the jelly. 
When the jelly has set, sodium 
sulphate solution is added to one 
side, and dilute sulphuric acid to the 
other. On passing the current, 
hydrogen ions pass along the 
solution, and their rate of motion 
can be followed by noting the pro- 
gressive loss of colour of the jelly, 
owing to the neutralisation of the 
base by the hydrogen ions. The 
value for the hydrogen ion obtained 
by Lodge was 0 0025 cm./sec. 

The method was improved by 
Whctham, who used two solutions 
with a common ion of the same con- 
centration and almost the same con- 
ductance. One of these was coloured 
and the other not. The substances 
chosen were potassium dichromate 
and potassium carbonate. The 
apparatus used is shown in Fig. 179. 

The coloured ion moved, and its 
rate of motion could be followed 
by noting the position of the boundary. The current was measured, 
and from the results the absolute mobilities were obtained, the 
results agreeing with those of Kohlrausch. 

The study of transport numbers has indicated the existence of 
hydration of the ions. If the transport numbers of the alkali metal 
ions are determined in N / 20 solutions of the chlorides at 18° C., the 
values given in Table LXXXVIII are obtained (Glasstone). 1 

It would be expected that the lightest ion would have the greatest 
mobility, but this is not the case. As far back as 1894 Bredig 
suggested that this might be due to hydration of the ions. If the 
ions were attached to water molecules, their size would be consider- 
1 H. Gladstone. “ The Electrochemistry of Solution* " (Methuen y 
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Mert. 

l 

i 

Transport Number. 

Atoiule Volume. 

Li . 

• s 

— i 

i 

• i 

0 320 

11-8 

Na . 

S 4 

1 

0-380 

23-7 

K 

a • 

. 

0-490 

45-3 

Rb . 

• • 


0-485 

56-0 

Cs . 

s a 

• 

0-492 

70-7 


ably increased. If this is so, the lithium ion must be heavily 
hydrated, and that of caesium very little. This is confirmed when 
the salts of these metals are considered, for in the crystalline state 
the salts are completely ionised. Thus, lithium salts aro mostly 
hydrated, those of sodium frequently hydrated, whilst the number 
of hydrated salts met with decreases as the series is ascended. This 
view also follows from the electronic theory of valency (§ 171). 

If an indifferent substance such as sugar is added to an electrolyte, 
the changes of concentration of this substance at the electrodes will 
depend on the transport numbers of the ions, and also upon the 
amounts of water which each ion carries. If a and b are the 
number of water molecules attached to each anion and cation 
respectively, then 

na — (1 — n)b =* * 

is the amount of water molecules transported to the electrode per 
Faraday, n being the transport number of the anion. Experiments 
carried out in this way Bhow that nearly all ions are hydrated. 
Reference to this will again be made on p. 594. Evidence for 
hydration of ions also comes from freezing point observations. In 
strong solutions, the ions remove a certain amount of water from 
the solvent, and thus the solution appears to be stronger. In this 
way Jones was able to find the degree of hydration of various ions. 

Hydration of ions must be considered as a type of compound 
formation, and as such it should be governed by the electronic 
theory of valency. It is known that water is both an acceptor and 
a donor, and hence it will be very likely to co-ordinate with other 
substances. The hydrogen atom will co-ordinate with other bodies 
to make up its number of electrons to four ; it is to be expected, 
then, that the hydrogen ion will co-ordinate even more easily. Its 
combination with water is therefore not surprising. 

263. Determination of Transport Numbers from Electromotive 
Fores Measurements. — The e.m.f. of a concentration ceil of the type 
Ag AgNO f AgNO| A* 
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where c x and c 2 are concentrations, involves the transport number 
of the anion. The determination can therefore be used to find 
transport numbers. The method is described on p. 652. 

264. Non-aqueous Solutions. — The study of solutions in solvents 
other than water has provided a considerable amount of information 
on the nature of electrolysis. The ions are all solvated to a certain 
extent in water, whereas in non-aqueous solvents this might not be 
the cose. 

It is not an easy matter to study non-aqueous solutions, as the 
presence of even a trace of water may seriously alter the results. 
The chief work has been done by Walden, 1 who employed in many 
of his experiments the compound tetraethylammonium iodide 
N(C 2 H 6 ) 4 I, dissolved in various solvents. He discovered that the 
equivalent conductivity at infinite dilution of a salt is inversely 
proportional to the square root of its molecular weight and to the 
viscosity of the solvent. 

Amongst the solvents used, those containing hydroxyl groups, such 
as methyl and ethyl alcohols, behave in a similar manner to water. 
The mobility of ions in various solvents has been found ; the 
following are some of the results : — 






Acetone. 

Nltrome thane. 

H+ 

361 

142 

60-6 

88 

63 

NH 4 + . 

74 

68 

19 

98 

64 

K+ . 

74 

64 

22 

82 

60 

Ag+ 

63 

60 

176 

90 

63 


It is seen that the hydrogen ion has a greater mobility in the 
hydroxylic solvents (with the exception of ethyl alcohol) than in the 
others. This may bo due to the hydrogen ion being carried from 
a [H s O] + ion to a water molecule, much as in the Grotthus chain 
explanation (§ 248), so that the calculated velocity is not that of the 
hydrogen ion itself, but the total effect of a number of hydrogen 
ions. a Goldschmidt has shown that the addition of a trace of 
water to an ethyl alcoholic solution of hydrogen chloride reduces 
the equivalent conductivity considerably, so that the hydration of 
the hydrogen ion which results must prevent it from taking part in 
this chain method of transference. 

1 A great deal of the more modern work has been done by Hartley and hia 
co-workers at Oxford. 

1 fiflckel, Z. Elecirochtm., 1928, 34, 340. An account of the work done on 
this subject is to be found in the various volume of Annual Reports, pub- 
lished by the Chemical Society, and particularly in the volume for 1030. 
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£66. Effect of Dielectric Constant on Ionisation. — Walden showod 

that a dissolved salt gives a definite value for the ratio at a 

« • 

dilution which is inversely proportional to the cube of the dielectrio 

constant of the solvent. Thus, if we choose = 0*5, we shall find 

the dilution required to give this is inversely proportional to the 
cube of the dielectric constant. Some data are given in Table 

LXXXIX. The ratio is 0*5. This relationship is only approxi- 
mately true, and reaches this degree of accuracy only for strong 
electrolytes. 


Table LXXXIX. — Electrolytic Dissociation and Dielectrio 
Constant (25° C.) 


Silver nitrate in water 
Sodium chloride in formic acid 
Tetraethylammonium iodide in 
furfurol .... 
Potassium iodide in aoetonitrile . 
Lithium nitrate in methyl alcohol. 
Lithium chloride in ethyl alcohol . 
Potassium iodide in acetone 


Dielectric 

('oust., 

Dilution, 


D . 


1»>I •«**). 

81 

0-7 

72 

62 

2*1 

79 

42 

50 

72 

36*4 

11*0 

81 

35-4 

00 

74 

26*8 

3f> 

88 

21*2 

60 

83 


It is found that only in liquids of fairly high dielectric constant 
can ionisation take plaoe. The dielectric constant of a substance is 
dependent upon its dipole moment, t.e., upon the degree of asym- 
metry of the arrangement of charges in the molecule (§ 382). It is 
not surprising therefore to find that those with high dielectric 
constants, i.e., very unsymmetrical fields, can bring about ionisation. 

The actual mechanism of ionisation in solution, where it is 
known that the solid salt was not completely ionised before solution, 
cannot be said to be known. Many bold the view that compound 
formation with the solvent is a neoessary preliminary to further 
breakdown into ions. 

The behaviour of salts in non-aqueous solvents is usually con- 
siderably different from that in water. Ionisation in any solvent is 
governed largely by Fajans 1 theory (p. 169). This states that 
ionisation will be promoted by the presence of a small anion and a 
large cation. 
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266. Degree of Dissociation in Non-aqueous Solvents.— Walden 
has found that the degree of dissociation of a dissolved salt is 
approximately constant for saturated solutions of substances in 
any solvent provided that water is rigidly excluded. The 

ratio of -p is given in Table XC for saturated solutions of tetra- 

ethylammonium iodide in various solvents. The constancy is 
remarkable. 


Table XC. — Dissociation of NEt 4 I in Saturated Solutions 

at 25° C. 


S©)r*nt. 

A*. 

A.. 


Methyl alcohol . 

47-85 

124 

0-40 

Furfurol . 

20-83 

50 

0-52 

Acetonitrile 

90-4 

200 

0*48 

Acetone . . 

1120 

225 

0-50 

Ethyl nitrite 

68 07 

140 

0-49 


By an examination of the equivalent conductivities of the thio- 
cyanates and perchlorates of lithium, sodium, potassium and 
ammonium, in nitromethane at various dilutions, Wright, Murray - 
Rust and Hartley found that the empirical relationship 

A = A m — xc T 

was true. In this equation c is the concentration and x a constant. 
Salts of the tetraethylammonium radical, however, behave according 
to the equation 

A xy'c. 

>207. Evidence in Favour of the Dissociation Theory. — (1) The 
reactions of salts in inorganic chemistry show that salts are made 
up of two parts. Thus, all chlorides give the same reactions, 
whereas there are also reactions common to all potassium salts. 

(2) Various physical properties of solutions of electrolytes are 
additive. Thus, surface tension, and density, may be regarded as 
the sum of three separate factors, one characteristic of the solvent, 
another of the cation, and the other of the anion. 

(3) The heat of neutralisation of a strong acid by a strong base 
is a constant (§ 278). 

(4) The colours of solutions at high dilution should be made up 
of that of the solvent and that due to the two ions. If the solvent 
is colourless, and one ion is colourless and the other coloured, the 
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substances falling into this class should all possess the same colour. 
Thus permanganates have been shown ail to possess the same 
absorption spectrum. 

(5) The theory explains in a simple manner the anomalies in 
osmotic pressure, depression of the freezing point, and elevation of 
the boiling point shown by electrolytes (§ 256). 

(6) X-ray analysis indicates that ions are present in some solids 
(§ 125). 

(7) Ostwald’s Dilution Law is obeyed fairly closely by weak 
electrolytes (§ 271). 

(8) The theory explains precipitation, through the theory of the 
solubility product (§ 288). 

(9) Dissociation is shown in certain experiments on the distri- 
bution coefficient (p. 548). 

268. The Theory of Metallic Conduction.-— The chief difference 
between metallio and electrolytic conduction lies in the fact that 
there is no decomposition or polarisation in the former. The 
current passes through the conductor without bringing about any 
chemical change. There are also other differences. The temi>era- 
ture variation of resistance is different in the two cases. In the case 
of a metal there is a minimum resistance at some definite tempera- 
ture, whilst for electrolytes the resistance decreases continuously 
with increase of temperature. The spectra of the two classes of 
substances are different. Electrolytic conductors show selective 
absorption and emission in the ultra-violet and the infra-red, whilst 
the corresponding spectra in the case of metallic conductors are 
continuous. 

The generally accepted theory is that the flow of the current 
in a metal is merely the flow of electrons, the positive ions being 
stationary. Various experiments have led to this conclusion, but 
they cannot be studied here. Drude, assuming that the electrons 
in a metallic conductor could be regarded as if they were gas mole- 
cules on the kinetic theory, obtained an expression for the con- 
ductivity of a metal, 

< SNl 
K * 2mv 9 

where e is the charge on the electron* N the number of molecules 
per unit volume, l the mean free path of the electron, m the mass of 
the electron and v its velocity. Assuming equipartition of energy, 

3 

as in the kinetic theory of gases (p. 191), we can replace } tnc* by ^ kT, 

where k is Boltzmann’s constant, and T the absolute temperature. 
Thus 

c - e'NlvJMT. 
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The thermal conductivity of a metal is also intimately related to 
the electrical conductivity, a fact which is shown qualitatively by 
the order of these two properties in a series of metals being approxi- 
mately the same. A good electrical conductor is also a good heat 
conductor. Drude calculated that the thermal conductivity was 
given by 

0 = \Nldv. 

Dividing thermal by electrical conductivity, we have 


0 3W 

-as- — 

K e * 


T x oonst., 


which is known as the law of Wiedemann and Franz. 

Some crystals, which consist of ions regularly spaced in a lattice 
(e.g., sodium chloride), show this electronic type of conduction to a 
very small extent. When a point electrode is inserted at the surface 
of a crystal of sodium chloride, and a high potential is applied 
between it and an electrode elsewhere in the crystal, a small current 
flows, and a coloration of the crystal occurs in the neighbourhood of 
the point electrode. The colour varies with the temperature and 
nature of the crystal. Now it is known that the opacity of the metals 
is due to the fact that electrons are free in the space lattice of the 
crystal. The metal crystal lattice probably consists of a number of 
positive ions in the regular lattice, with a cloud of free electrons 
associated with the lattice, but not fixed. These are sometimes 
called u electron gas.” They are the electrons which move through 
the metal when an external e.mi. is applied. When, therefore, a 
coloration is observed in the neighbourhood of the electrode in the 
salt crystal, it is inferred that in this region there is electron gas. 
There are, however, some differences between this conduction by a 
salt and metallic conduction, for there is also electrolytic conduction 
in a solid salt. 

269. Conductivity of Alloys. — If there is no chemical combination 
between the constituents of an alloy, and if there is no formation of 
solid solutions, the conductivity of an alloy is the sum of the con- 
ductivities of the constituents, according to their proportions. 
This is known as the mixture rule. When solid solutions are 
formed, the resistance is considerably greater than that predicted by 
the mixture rule. 

A study of the conductivity of alloys is useful in determining their 
nature. If the graph drawn between electrical conductivity and 
composition is a straight line it may be inferred that the components 
are not miscible. If a solid solution is formed, the conductivity- 
composition curve shows a flat minimum and falls rapidly at both 
ends from the values for the pure components (Fig. 180). There 
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may be combinations of these two types, one part of the curve being 
linear, whilst the other shows a minimum. This shows that there 
is a limited concentration range where there is miscibility. The 
nature of the curve will also show whether chemical compounds are 
formed. If there is a sharp point on a curve, it indicates the existence 
of a chemical compound, but the reverse is not always true. 

270. Effect of Temperature on Conductivity of Metals. — The 
general formula connecting the resistance ( It) of a pure metal with 
temperature is 

R = a + bT + cT \ 

where a, 6, and c are constants, and T is the absolute temperature. 
The value of c is very small, so for small temperature ranges the 
third term may be neglected. 

This expression has been made use of for determining temperatures 
by the platinum resistance thermometer, 
an excellent method of measuring both 
high and low temperatures. 

The above expression only holds for 
ordinary temperatures. When the tem- 
perature is reduced so much that it is in 
the neighbourhood of the absolute zero, 
some metals are found to become super- 
conducting. Their resistance falls 
practically to zero, and a current once 
started in a closed ring of metal will go 
on flowing for a long while. The in- 
vestigation (which is still proceeding) of tins state has been done 
largely at Leyden. Certain metals have been found not to become 
super-conducting, but the resistance falls to a minimum and then 
rises again. Examples of this class are copper and platinum. 

The existence of the super-conducting state show's that, at very low 
temperatures, the motion of the “ electron-gas ” (§ 268) through the 
metal is not hindered. There can be no interaction between the 
electrons and the positive ions. As the temperature increases, the 
phenomenon of resistance comes into play. This must be due to a 
friction-like, or viscosity, force exerted on the electrons, presumably 
by the positive ions. 



Fig. 180.“ Conductivity 
Curve for Alloy forming 
Solid Solution. 


SUMMARY 

All electrical conduction is one of two types 

(1) Electronic conduction. The flow of current is the motion of 
electrons through the medium. This type is found in metallic con- 
duction ; and 

(St “Carrier" conduction. The current » bora* through the 
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medium by material bodies, which carry the electrons. These bodies 
may be atoms, molecules, dust, etc. In electrolytic conduction the 
electrons are carried by atoms or molecules. 

When an electrolyte is dissolved in water it immediately breaks up, 
at least partially, into ions, which are charged atoms or groups. When 
electrodes, connected to a battery, are placed in the solution, the ions 
wander to the electrode of opposite charge, and are there discharged 
and liberated. jThey may be separated, or there may be further 
(“ secondary '*) reactions with the solvent or solute. Faraday’s Laws 
of Electrolysis state that (1) the amount of decomposition caused in 
electrolysis is proportional to the quantity of current passed, and (2) for 
the same quantity of electricity passed through different solutions, the 
amount of decomposition is proportional to the equivalent of the 
element, or group, deposited. 

According to Arrhenius, the extent of dissociation of an electrolyte 
into its ions depends upon the concentration of the solution. The 
degree of dissociation (a) is the fraction of the electrolyte dissociated. 

The specific resistance of a conductor is the resistance of a specimen 
of the material of length 1 cm. and 1 sq. cip. area of cross-section. 
The reciprocal of the specific resistance is the conductivity. The 
molecular conductivity, fz, is tho conductivity multiplied by the volume 
in c.c. containing one gram-molecule of the electrolyte. The equivalent 
conductivity. A, is the conductivity multiplied by the volume in o.o. 
containing one gram -equivalent of the electrolyte. The degree of 


dissociation is given by a 


A. 

A ’ 


where A„ is the equivalent conductivity 


at dilution v, and A m is that at infinite dilution. 

The fact that electrolytes are dissociated causes anomalies in the 
colligative properties of these substances (osmotic pressure, depression 
of vapour pressuro and freezing point, and elevation of boiling point), 
since these properties are dependent upon tho number of individual 
particles present in the solution. They afford other methods of finding 
a, values of which agree, in general, with those obtained by the con- 
ductivity method. 

The ions in an electrolyte move independently of each other, and 
with different velocities. The fraction of the current carried by any 
particular ion is called its “ transport number.” The absolute velocity 
of the ions is small, and has been observed directly. 

Results of conductivity measurements in non -aqueous solvents 
indicate that this depends upon the viscosity and dielectric constant of 
the solvent. 


SUGGESTIONS FOR PRACTICAL WORK 

Experiment 33. — Determine the conductivity of a solution of copper 
sulphate, and calculate its molecular and equivalent conductivities 
(§ 253). 

Experiment 34. — Determine the variation of equivalent conductivity 
of copper sulphate with temperature. 

Repeat the above experiment, placing the cell in baths of various 
temperatures. Plot the equivalent conductivity against temperature. 

Experiment 35. — Determine the transport numbers of the silver and 
nitrate ions (§ 261). 
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SUGGESTIONS FOR FURTHER PRACTICAL WORK 

(1) Determine the transport numbers of sodium and chloride ions 
in a solution of common salt. 

(2) Determine whether transport number varies with dilution or 
temporatuje. 

(3) Cany out transport experiments with non-aqueous solvent*. 


SUGGESTIONS FOR FURTHER READING 

Davttjs, 0. W. “ The Conductivity of Solutions.” {Chapman and 
Hail , 1030.) 

Gladstone, »S. “ Electrochemistry of Solutions.” (Methuen* 1930.) 
Hartley, H m mid others. “ Electrical Conductivity of Solutions.” 
(Report i7i “ Annual Reports on the Progress of Chemistry/’ issued 
by the Chemical Society, 1930.) 

Partington, ,J. R. “ Conductance, Ionization and Ionic Equilibria,” 
Chapter XT. of Vol. 1. of 4 * A Treatise on Physical Chemistry,” ed. 
H. S. Taylor. (Macmillan, 1924.) 


QUESTIONS 

(1) State Faraday’s Laws of Electrolysis. How may they 1 m 
verified ? 

(2) Explain what takes plaeo when an electric runout is passed 
successively through solutions of copper sulphate, silver nitrate, lend 
acetate and sodnim chloride, the electrodes being of platinum. What 
is tlie relationship between the quantities of substances liberated ? 

(3) What is meant by the term “degree of dissociation ” ? How 
may it bo determined ? 

(4) How is it possible to determine the equivalent conductivity of 
acetic acid at infinite dilution ? 

(5) In what way duos the electrical conductivity of a solution vary 
with dilution ? How can the variation bo explained ? 

(6) What is meant by tho term 44 ionic mobility ” ? ITow may the 
ionic mobilities be determined, and ol what use aro they ? 

(7) How may the actual mobility of the hydrogen ion bo demon- 
strated ? 

(8) When an electric current is passed through a solution of zinc 
chloride between carbon electrodes, a cortain minimum potential is 
necossary to effect decomposition. Why is this ? 

(9) Calculate the osmotic pressure of an A// 10 solution ol urea. 
CO(NH 2 ) 2 at 0° C. Why is it that the osmotic pressure of a solution of 
potassium chloride is almost twice as great as this ? 

(10) A 1 per cent, solution of sodium chloride freezes at — 0*604° C. 
The molecular depression for water is 18*6° (100 gms.). Calculate the 
degree of dissociation of the sodium chloride. 

(11) What is meant by the transport number of an ion ? How may 
it be determined ? 

In a transport number experiment a solution of silver nitrate con- 
taining 0*0074 gm. per gram of water was used. During the experiment 
0*0786 gm. of silver was deposited in a silver voltameter placed in series 
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with (he transport apparatus. After the experiment, 25 gms. of the 
anode solution contained 0*2553 gm. of silver nitrate. Find the transport 
numbers of the silver and nitrate ions. The electrodes were of silver. 

(12) The velocity of migration of the silver ion at 18° C. is 0 000577 cm. 
per sec., and that of the nitrate ion 0*000630 cm. per sec. What is the 
specific conductance of a 0*1 M silver nitrate solution if the van't Hoff 
» factor is 1-5 ? All observations are made at the same temperature. 

(13) Discuss the results of conductivity work in non-aqueous solu- 
tions. i 

(14) In what ways does a knowledge of the electrical conductivity of 
an alloy give information as to its nature ? 

(15) Nemst and Loeb. in determining the transport numbers of the 
silver and nitrate ions, found the following results : Before the experi- 
ment, 1 gm. of the anode solution contained 0*001788 gm. of silver 
nitrate. After the experiment 20*00 gms. of solution taken from the 
anode compartment contained 0*06227 gm. of silver nitrate. 0*0322 gm. 
of silver was deposited in a voltameter placed in the circuit. Calculate 
the transport numbers of the silver and nitrate ions. 

(16) The osmotic pressures of solutions of potassium nitrate, at 
15° C., are given in the following table : — 


Cone. (%) 

Pressure (cms.) 

0*80 

130*4 

1*43 

218*5 

3 3 

436*8 


i 


Calculate the apparent molecular weight of potassium nitrate from 
each of these observations, and explain the results. 







CHAPTER XIII 
IONIC EQUILIBRIA 

^ 271. The Ostwald Dilution Law. — In a solution of a binary 
electrolyte there will be an equilibrium between the ions and the 
undissociated molecule, if the Arrhenius hypothesis is correct. 1 
Thus, we have 

AB^A+ + B- 

It is therefore to be expected that the Law of Mass Action can he 
applied to this equilibrium just as it can to ordinary homogeneous 
equilibria. This application was first carried out by Ostwald (1888), 
and the result is known as Oslivald's Dilution Law . 

Suppose that originally one gram -molecule of the binary electro- 
lyte AB is dissolved in v litres of water, and that its degree of 
dissociation is a. Then 

AB ^ A+ + B- 

The quantities present at equilibrium are * of AB, ^ of A + , 

and - of B-. 

V 

Applying the Law of Mass Action, 



This is known as the Dilution Law. 

If a is small compared with unity, it can be neglected in the 
denominator of the left-hand side of equation (1). In this case, 



a «= V^v- 

K is called the “ dissociation constant ” 2 of the substance. It is 

1 This excludes strong electrolytes which, as will be shown later, do not 
•bay the Ostwald Dilution Law. 

1 K is also sometimes called the " affinity constant.** 
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seen that, in the case of a weak electrolyte (i.e., a is small), the 
degree of dissociation is at a given concentration proportional to the 
square root of the dissociation constant. 

The Law has been applied mainly to acids and bases. It is clear 
that the value of K will be a good measure of the strength of an acid, 
which is supposed to depend on the concentration of hydrogen ions 
in its solution (§ 293), for, as shown above, the degree of dissociation 
at a given concentration is proportional to the square root of K . A 
strong acid will be one with a large value for K in solutions of 
moderate concentration. 

It is well to notice that the assumptions that are made in the 
derivation of this Law are that the Law of Mass Action applies to 
charged ions, and, even more fundamentally, that the Arrhenius 
hypothesis of electsolytic dissociation is true. 

The Ostwald Dilution Law can be obtained in another form by 

substituting the value of a = —■ in the equation (1) above. This 

gives 

K __ A} 

*>AJA. c - A v ) 

The above formula would apply, of course, to a monobasic acid, 
such as acetic acid. Dibasic acids, however, ionise in two stages, 
and therefore possess two dissociation constants : — 

First dissociation : H 2 A ^ H + + HA“. 

Second dissociation : HA“ H + + A — . 

The two dissociation constants are : — 


and 


_[H-|[HA-] 

PM] • 

* [HA-] 



As a rule, for dilutions up to about 2,000 litres, the second stage is 
negligible. Thus, with hydrogen sulphide, 


[H+] [HS-] 
[H,S] 



[HS-] • 

•J 278. Experimental Verification of the Dilution Law. — To test the 


law experimentally it is necessary to determine the degree of 
dissociation of a binary electrolyte at various dilutions, and then 


substitute the values of v and « in the Ostwald equation, and see 
if a oonstant is obtained. 
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Tbs degree of dissociation is best determined by conductivity 
observations, a is connected with the equivalent conductivity and 
that at infinite dilution by the equation 



where A v is the conductivity at dilution r, and A T is that at infinite 
dilution (§ 255). 

For the sake of example, suppose it is necessary to see whether 
Ostwald's Dilution Law holds for a weak acid such as propionic 
acid. The conductivity is determined at various dilutions by the 
ordinary method (see p. 512). It is now necessary to find the 
equivalent conductivity at infinite dilution. As propionic acid is 
weak, it does not conduct well, with the result that the resistance 
of a very dilute solution is too great to be measured with accuracy. 
It is therefore necessary to apply Kohlrausch’s method, which 
regards the equivalent conductivity at infinite dilution os made up 
of two parts, one due to the anion and the other due to the cation 
(§ 259). It is possible to determine the equivalent conductivity at 
infinite dilution of potassium propionate, potassium chloride and 
hydrochloric acid. If the quantities in square brackets represent 
the portion of the equivalent conductivity at infinite dilution due to 
the ions stated therein, we have 

[H] + [Pr] = [K] + [Pr] + [H] + [Cl] - [K] - [Cl]. 

v ' ' V ' ' ' 

Thus, the conductivity of propionic acid at infinite dilution is 


Table XCI. — Ionisation of Acetic Acid in Aqueous Solution 

at 25° C. 


A m - 387*9. 


f. 

4r 

a. 

* til - a) 

0*334 

0-6186 

0-001595 

7-7 X 10-* 

0-672 

1*123 

0002896 

t 12-5 X 10-* 

0-989 

1-443 

0-003636 

14-0 X 10-* 

1-977 

2-211 

0-005701 

16-6 X 10-* 

6-374 

3-804 

0-009806 

181 X 10-* 

10-763 

6-361 

0-01382 

18-0 X 10- 4 

24-876 

8-388 

0-02163 

19-2 X 10-* 

63-26 

13-03 

0-03369 

18-6 X 10-* 
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determined. All that is now necessary is to substitute the values In 
the expression 



when a is found. Now, using the value of a found at different 
dilutions, the equation of Ostwald can be tested. Table XCI 
shows some values tor acetic acid, and gives an indication of the 
validity of the Law for this substance. 

It is clear that the Law is obeyed by acetic acid only in dilute 
solution (v large). 

273. Validity of the Dilution Law.— Weak electrolytes obey 
Ostwald’s Dilution Law fairly well, but in the case of strong electro- 
lytes the Law fails completely. This " anomaly ” of strong 
electrolytes has given rise to much interesting speculation on the 
nature of such solutions. The Table below, based on the work of 
Kohlrausch and Maltby, gives some figures for the ionisation of 
potassium chloride, which is a strong electrolyte. 


Table XCIL— Apparent Degree of Ionisation of Potassium 
Chloride at 18° C. 

« 129 91. 


V. 

Ay 


K. 

1 

98-27 

0-7565 

2-350 

2 ' 

102-41 

0-7883 

1-434 

5 ' 

107-90 

0-8310 

0 8154 

20 

115-75 

0-8910 

0-3642 

60 

119-96 

1 0-9234 

0-2221 

200 

124-41 

0-9577 

0-1084 

1,000 

127-34 

0-9802 

0-0485 

10,000 

129-07 

0-9936 

1 

0-0154 


It will be noted that the values of K are by no means constant. 

In order to remove this anomaly, many empirical formulae have 
been suggested as dilution laws, very few of them having any 
theoretical basis. Thus, Walker put forward the equation 


1 -ot 




or 


<1 -*)* 

* 
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Van’t Hoff put forward the equation 

_ a — = * 

(l-a)v* 

Possibly the best of all the formulae for explaining the behaviour of 
strong electrolytes is 

- A = 

where C is the concentration, or the reciprocal of v. This equation 



FiO. 181 . — Curve between A v }^ m) and C 


is ascribed to Kohlrausch, though it appears to have been put 
forward originally by Bousficld in 1913. 

If this equation be true, it is obvious that if A 9 — A t is plotted 
against (7 0 ' 5 , a straight line should result, passing through the origin. 
The slope of the line should be lc . Or, if A v is plotted against C 0 * 5 , 
again a straight line graph should be obtained, but it will not now 
pass through the origin, but will cut the axis at A 9 . It is usual to 


plot against the square root of the concentration, and in Fig. 181 

are given some curves for various substances. The data upon which 
the curves, are based are given in Table XCIIL It is seen that the 
equation is only approximately true, holding best for the more 
dilute solutions. It is, however, very important as a limiting law 
for very dilute solutions. It may be noted here that the equation 



IONIC EQUILIBRIA 


#44 

is of the form derived by Debye and Huekel on the basis of the theory 
of electrostatic interaction (p. 540). 


Table XCIII.— Conductance Ratios 


SobeUnoe. 

-A? for e (gm.*mol 0 . per litre). 

A m 

« 

-001 

•01 

•l 

l 

Ve 

•03102 

•l 

-8102 

l 

Sodium chloride. 

0*977 

0*936 

0*852 

0*741 

Sodium nitrate . 

0*977 

0*932 

0*832 

0060 

Calcium chloride 

0*964 

0*882 

0*704 

0062 

Copper sulphate. 

0*862 

0*629 

0 396 

0*309 

Potassium hydroxide . 

0-99 

0*96 

0-90 

0*77 

Ammonium hydroxide 

0*118 

0*042 

0-014 

0*0037 


The Kohlrausch equation is found to be approximately true for 
many aqueous and non-aqueous solutions. Ferguson and Vogel 
(1927), however, state that the equation is best written in the form 
A a -A. = Kc\ 

n is about 0-5 for many electrolytes, but may vary a good deal from 
that figure. Thus, for potassium nitrate, it was found to be 0*374, 
and for iodic acid 0*969. 

^ 274. Explanations of the Anomaly of Strong Electrolytes.— The 
Ostwald Dilution Law was calculated on the basis of two assump- 
tions, viz . : (1) that the Law of Mass Action holds for charged ions ; 
and (2) that the Arrhenius hypothesis, that electrolytes are partially 


dissociated into their ions in aqueous solution, is true, the ratio -p 


representing the extent of this dissociation. 

Since strong electrolytes do not obey the Law, it is clear that one, 
or both, of these assumptions is not true. There seems to be no 
reason to doubt the first. The error probably lies in the second. 
Since the concentrations of the ions are calculated in terms of ot, 
determined by conductivity experiments, it follows that a is not an 
accurate measure of these concentrations. The conductivity ratio, 

which may now be called / c , is, therefore, not the degree of 

* *QO 

dissociation a. 

In 1908 Lewis introduced the oonoept of activity to replace the 
concentration in the Law of Mass Action equation, in order to make 
the Lew accurate (§ 161). This was, at first, merely an empirical 
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quantity. More recently, however, the concept has been widely 
used in connection with the work of Debye and Huckel, on the 
conductivity of electrolytes. Originally used to overcome difficulties 
in the application of the Law of Mass Action to ordinary homo- 
geneous systems, the concept of activity has been applied to 
electrochemistry with considerably greater success. 

At infinite dilution, the activity of a substance is defined as its 
concentration. For any other concentration, the activity is not, in 

general, equal to the concentration. The fraction -, where a is the 

c 

activity (“ ideal concentration ” or active mass) and c the actual 
concentration, is called the activity coefficient , /. Several methods 
are applicable for the determination of the activity coefficient, but 
their description is beyond the scope of this book. 

Debye and Huckel investigated the fact that the conductivity 


ratio, f e = 


A, 

AJ 


does not agree with the degree of dissociation, a. 


basing their work on the idea that strong electrolytes are completely 
dissociated, and that there is electrostatic interaction between 
the ions. 

Sutherland (1906) proposed that all strong electrolytes were 
completely dissociated into their ions at all concentrations, and 
that the difference in conductivity of a solution at various dilutions 
was not due to the fact that different numbers of ions were present, 
but that their mobilities were altered, partly by the change in 
viscosity in the solution itself, and partly by a kind of electrical 
viscosity due to interaction between the ions. Little notice was 
taken of the theory at the time, but it was revived in 1918 by Ghosh, 
and also received attention at the hands of Milner, Bjcrrum, and 
others. 

The best treatment of it, however, has been given by Debye and 
Huckel (1923) and Onsager. They assume, as has been stated 
above, that there is complete dissociation for strong electrolytes, 
and that the mobility of the ions is affected by two kinds of electrical 
viscosity. Owing to the attraction between positive and negative 
ions, there will always be an excess of positive ions in the neighbour- 
hood of a negative ion, and vice versa , providing an “ ionic atmo- 
sphere ” round each ion. The situation is very much like that 
obtaining in the sodium chloride crystal (§ 125), in which one ion is 
surrounded by eight ions of opposite charge. When the solution is 
diluted, the ions are separated, and this will require the performance 
of internal work against the electrostatic attraction, as well as the 
work due to osmotic pressure. When an electromotive force is 
applied at electrodes in the solution, suppose the positive ions move 
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to the right. The “ ionic atmosphere ” of negative ions ha us con- 
stantly to be renewed to the right of the ion, whilst that on the left 
dies away. It must be supposed that the formation of the new 
“ ionic atmosphere ” on the right does not take place at the same 
rate as the decay of the old one on the left, but that the latter lags 
behind. A definite “ relaxation time ” is required for the right-hand 
atmosphere to build itself up, whilst the left-hand atmosphere is 
decaying. There will thus be always a preponderance of negative 
ions to the left of the positive ion, and they will exert a retarding 
effect. The electromotive force applied tends to move the ionic 
atmosphere in a direction opposite to that of the motion of the 
ion, causing an additional retardation. By taking into account all 
these effects, which do not seem very concrete when described 
generally, but which are capable of mathematical treatment, Debye 
and Hiickel showed that both these retardations were proportional 
to the square root of the concentration. The equation they obtained 
was 

1 = \JlkT [(HST u ’i + k]V«c, 

where e is the charge on a univalent ion, € is the dielectric constant 
of the solvent, k is Boltzmann’s constant (equal to the gas constant 
R , divided by Avogadro’s number, N), T is the absolute tempera- 
ture, w l and w 2 are valency factors, and also depend upon ionic 
mobilities, and 6 is the mean ionic diameter, nc represents the 
ionic concentration, and is obtained by multiplying the molecular 
concentration c by the number of ions n formed by one molecule. 
If numerical values are substituted, the solvent being water at 18° CL, 
the equation becomes 

1 = [0-27010, + 0-233 X 10 8 x bw 2 ] . 

This agrees with the Kohlrausch equation, which has been given in 
the form 

A, - A, - K&. 

This may be rewritten 



or 1 — = const. a/cT 

This is of the same form as the Debye-Huckel equation. It is seen 
that the proportionality factor depends upon the valency factors 
w 1 and w 2 (i.e., upon the charge of the ions), and upon the ionic 
diameter. 

In the case of weak electrolytes, the same retarding forces are at 
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work, but solutions of this kind are supposed to be incompletely 
dissociated, and the concentration of the ions would be too small to 
make the retardation effect of any account. 

Whilst the theory that has been used is that of complete dissocia- 
tion, it is very probable that even in the strongest electrolytes there 
is not 100 per cent, dissociation. It would be better to say that 
there is ^almost complete dissociation.” If it were possible to 
draw a sharp dividing line between strong and weak electrolytes, it 
might be argued that the one class was quite different from the 
other, and that the strong electrolytes were completely dissociated, 
and the weak electrolytes only partially so. This is not possible, 
however, for there is a gradation between those electrolytes, oom- 
monly classed as weak, which obey Ostwald’s Law at medium 
concentrations, but not at high ones, through the transition electro- 
lytes, which obey the Law at low concentrations, to the strong 
electrolytes, which do not obey the Law at all. It is impossible to 
say where one class ends and the other begins ; and as we must 
assume the existence of un -ionised molecules in the solutions of weak 
electrolytes, and in the transition stage, it seems probable that 
there is no abrupt change in this capacity to form un-ionised mole- 
cules. In strong electrolytes, however, the proportion of these 
un-ionised molecules must be very much smaller than that given by 

conductivity measurements 

The study of the Raman spectra (§ 377) of solutions of acids and 
salts throws some light on this question. The Raman effect is a 
molecular light scattering effect ; each molecular species gives its 
own characteristic effect, and henoe it is possible to find out whether 
non-ionised molecules (which would, of course, be a different 
molecular species from the ions) are actually present in solution. 
When examined in this way, both nitric and sulphuric acids are 
found to be only partially ionised in moderately strong and strong 
solutions. With the Raman effect, it is possible to follow the 
single-stage ionisation of nitric acid and the two-stage ionisation of 
sulphuric acid. 

With regard to salts, with the exceptiorf of the anomalous mercuric 
chloride and mercuric cyanide, the Raman effect provides no 
evidence whatever for any undissociated moleoules, even in the most 
concentrated solutions. By undissociated molecules is meant a 
molecular species in which the ions are bound together by a covalent 
bond of ordinary chemical strength. 

The X-ray analysis of crystals of sodium and potassium chlorides, 
and of many other substanoes, has shown them to be ionised com- 




648 


IONIC EQUILIBRIA 


pletely even in the solid state (§ 125). It would be unlikely for 
combination of ions to occur when the crystal was dissolved in 
* water, though not impossible. 1 Rubens has shown that the reflection 
of infra-red rays by these crystals agrees with the assumption that 
they are completely ionised. 

Further evidence can be obtained from consideration of distri- 
bution experiments. It has already been stated (§ 216) that 
distribution of the same molecular species occurs between two 
immiscible solvents, and if, by some reaction, or alteration in the 
moleoular aggregation, this molecular species is altered, it is only 
the concentrations of the same molecular species which must be 
taken into account in calculating the distribution coefficient. Now, 
silver perchlorate is soluble in benzene, and gives a non-conducting 
solution. 'It is therefore un-ionised. If water is shaken up with 
this benzene solution, the whole of the silver perchlorate is trans- 
ferred to the aqueous layer. If any un-ionised molecules existed in 
the aqueous layer, there would be a distribution of them between 
the benzene and water. Hence, it is concluded that the molecular 
species formed in the aqueous layer are totally different from those 
in the benzene layer. Presumably the salt is completely ionised in 
the aqueous solution. 2 It must be pointed out, however, that 
many examples are known of the incomplete extraction of strong 
electrolytes from solutions in non-ionising solvents, and the only 
explanation of this is that there are un-ionised molecules of the 
electrolyte in the aqueous solution. 

Evidence from vapour pressure observations depends upon the 
Bame application of distribution. Hydrogen chloride in aqueous 
solution has a very low vapour pressure of hydrogen chloride gas. 
According to Henry’s Law (§ 189), the ratio of concentrations of the 
same molecular species between the gaseous and liquid phases is 
constant. The fact that the vapour pressure of the gas over the 
solution is so small was used as an argument for the theory of 
complete dissociation. The vapour pressure was much less than 
that required if the Arrhenius hypothesis were correct. But the 
fact that there is any vapour pressure of the gas at all over the 
solution indicates that there must, at least, be a very small concen- 
tration of un-ionised hydrogen chloride in the aqueous layer. 

The conclusion to be drawn from this work is that although the 

1 It might be possible for the molecule to exist in aqueous solution with the 
electrovalent linkage between the ions unbroken ; the ions would be held 
together by electrostatic forces, and the molecule, although ionised, would be 
undissociated. 

1 It is, of course, possible that there might be solvated un-ionised molecules 
in the water layer, which would count as a separate molecular species from 
that of the solvated, or unsolvated, molecules m the bensene layer. 
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Debye-Huckel theory is more near the truth than that of Arrhenius, 
its assumption that strong electrolytes are completely disaooiated in 
solutions of moderate concentration is probably not true. Rather 4 
is it likely that a very small amount of the solute exists in the 
undissociated state. 

275. Hydrogen Ion Concentration. — The most important ion is 
the hydrogen ion. Upon the concentration of hydrogen ions in a 
solution depends its acidic or alkaline properties (§ 290). The 
hydrogen ion is a powerful catalyst, and the whole course of a 
reaction may be modified by altering the hydrogen ion concentration 
in the medium in which the reaction takes place. A knowledge of 
hydrogen ion concentration is necessary in testing water, soil, and 
biological fluids, such as the blood. 

In dealing with hydrogen ion concentration it is usual to express 
it in a special way. The p E of a solution is defined as the logarithm 
to the base 10 of the reciprocal of the hydrogen ion concentration 
in gm.-mols. per litre. Thus 

Pu = - log.o [H +] = log,,, jrg— • 

If the p a of a solution is 4, 

logic pjrj “ ~ logio [H + ] =* 4, 

and the hydrogen ion concentration is 10" 4 , 0 0001 gm.-mol. per 
litre. 

The student should make himself thoroughly familiar with this 
method of expressing hydrogen ion concentration. It has been 
adopted because it is frequently necessary to deal with very minute 
hydrogen ion concentrations, and these are conveniently expressed 
in this way. 

It may be mentioned here that the hydrogen ion, in aqueous 
solutions, is invariably solvated, i.e., is attached to one or more 
molecules of water. It is usually supposed that one molecule of 
water is attached to each hydrogen ion, and the formula of the ion 
is, therefore, H|0 + , sometimes called the “ hydroxonium ” ion. 
Wherever the hydrogen ion (in aqueous solutions) is mentioned, the 
H 8 0+ ion is intended, but in order to simplify the work, the ion will 
be written H + , 

\y/ 276. The calculation of Hydrogen Ion Concentrations is Acid 
Solutions. — An example will be taken at this point of the calculation 
of the pa value of a solution, given the dissociation constant of the 
acid/ 

Thus, it is required to find the pb value of a Nj 100 solution of 
aoetic add. The dissociation constant of the acid is 1*6 X 10“ 
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Prom the simplified form of Ostwald’s Dilution Law , we have 

a ■■ y/Kv. 

We can apply this because a is very small. Now, v is the volume 
containing 1 gm.-mol. of the acid, expressed in litres, i.e., in this case 
100. Thus 

a = V100 X 1-8 X 10“ 6 = y/l'& X 10^, 

= 4*242 X 10- 2 . 

This value of a is the fraction of a gram -molecule dissociated. 
Hence, in 1 litre of solution there would be 4*242 x 10~ 4 gm.-mols. 
of hydrogen ions. The molecular concentration is 4*242 x 10* 4 , 
and the pa = — log [H + ] 

= - (4*6276) = - (- 4 + 0*6276), 

= - (- 3*3724), 

= 3 3724. 


Thus the p u of the solution is 3*37. 

Let us now find the p n of a N/1,000 solution of acetic acid, 
a = y/Kv, as before. 

v is now 1,000, 

a = VI .000 X 1*8 x '10- 5 , 

= y/bS X 10“ 2 , 

~ 1*34 x 10” 1 . 

Tn 1 litre of the solution there will be 1*34 x 10~ 4 gm.-mols. of 
hydrogen ions. Hence, molecular concentration = 1*34 x 10" 4 . 

P h = - log [H] - - log (1*34 x 10- 4 ) 

- - (41271) 

- 3*8729. 


Hence, p H -- 3*87. 

The pn of an acid solution may be calculated in terms of oc. a nd 
the d issociation const ant K, as follows : Consider the ionic equili- 
bnurnm a soIuitionoF an acid HA, 

HA ^ H + 4- A*. 


Applying the Law of Mass Action, 
[H+][A-] 


[HA] 


- A\ 


If the degree of dissociation is a, then [H + ] a, [A~] = a, and 
[HA] = 1 ~a. 

Bence, [H+] - JT- ~ a 

a 

1 1 % 
or, ft , - log,, Jjpy - log,, y + log,, 
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277. Methods of determining Hydrogen Ion Concentration. — There 
ire several methods of determining the hydrogen ion concentration 
>f a solution. The chief are 

(1) The conductivity method. 

(2) The electromotive force method. 

(3) The freezing point method. 

(4) The colorimetric method. 

(5) The method of catalysis of ester hydrolysis. 

(1) The conductivity method is simply that of determining the 
legree of dissociation of the acid. The degree of dissociation, a, is 
pven by 



vhere A m and A v are the equivalent conductivities at infinite 
iilution and at dilution v respectively. These can be determined 
>y the method given in § 272. a is, of course, a direct measure 
>f the hydrogen ion concentration. 

(2) 1 The electromotive force method is the most accurate for the 
letermination of hydrogen ion concentration. Use is made of the 
ljdrogen electrode (p. 553), which consists of platinised platinum 
lipping into the solution of which the p H is required, through which 
i current of hydrogen is passed. The platinum catalyses the electro- 
:hemical reaction 

H, - 2e ^ 2H+. 

The electrode thus tends to become positively charged when 
lydrogen ions are converted into gaseous hydrogen, so that the 
electrode attains a definite potential when the electrostatic force 
spelling the hydrogen ions stops further discharge. The potential 
lepends upon the concentration of hydrogen ions and the concen- 
tration of hydrogen gas. 

To derive the relationship between hydrogen ion concentration 
aid the e.m.f. of the hydrogen electrode, we may consider a concen- 
tration cell (p. 642), consisting of two electrodes of the same metal 
)laced in solutions of concentration C, and C 2 separated by a porous 
)&rtition. The solutions are of a salt of the electrode metals The 
x>tential of a metal with respect to a solution of one of its salts is 
lependent on the concentration of the salt. Let the valency of the 
nation be n, and the potentials of the electrodes with respect to the 

M | M+ ! M+ I M 
E x O x e C t E t 
e is neglected. 

1 This section will be more clearly understood after r e e ding ( 322, and may 
» postponed until then. 
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solution be E l and E t . Suppose 1 gm.-atom of metal is dissolved 
off the one electrode, and deposited on the other. Then, an amount 
of electricity nF ooulombs, where F is the Faraday, has passed 
round the circuit. The electrical work done is nF(E x — E t ), 
assuming that there is no potential at the partition. 

This same process of transferring a gram -atom of metal from one 
concentration to another can be done by an isothermal and reversible 
expansion, doing work against the osmotic pressure. Supposing 
that the ions obey the gas laws, and p is the osmotic pressure 

exerted by them, the work done is f pdv, where v x and v f are the 

reciprocals of C x and C 2 respectively. 


j pdv — dv = BT log,-- = BT log. 


c ; 


Now, it is obvious that if there are two ways in which a change can 
be made in a system isothermally and reversibly, the work done in 
both cases must be the same. We therefore equate the two amounts 
of work : — * 


rf prp n 

*F(E l - E t ) = RT log. g, or E,-E a = log. g 

2 303RT, C t 
“ ~^F log “C7 

Substituting the value of R (8-315 X I0 7 ergs), and F (9,650 c.g.s.), 


the value of 


2-303ET 

F 


can be calculated. 


At 15° C. it comes to 


0-058. Hence, the simplified formula 




is used. ~ 

It is obvious from this equation that if weknowJFj — E a ,n, and 
C j we can find C v 

Hydrogen gas, in contaot with a solution containing hydrogen 
ions, acts like a metal in contact with a solution containing ions of 
the metal. The potential of the hydrogen electrode in a solution 
normal with respeot to hydrogen ions is taken as zero, and all other 
electrode potentials are measured from this. Thus, if we put » =» 1, 
E t = 0 , C % » 1, the e.m.f. of the theoretical electrode mentioned in 
the above proof is 

E x = 0058 log l0 O x (1) 

Thus, if we had two hydrogen electrodes, one placed in a solution 
normal with respect to hydrogen ions and the other in a solution of 
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which the hydrogen ion concentration was required, the two solu- 
tions being separated by a porous partition or a bridge of some kind, 
by measuring the difference of potential we should find the hydrogen 
ion concentration by using the equation (1) above. 

The hydrogen electrode used in practice may take one of many 
forms. The essentials are, however, shown in the left-hand electrode 
of Fig. 182. hydrogen under a known pressure bubbles through a 
solution containing hydrogen ions, in which is immersed a strip of 
platinised platinum foil. Electrical connection is made with this 
foil. 

However, it is not always easy to get exact normality, and it is 
difficult to set up such an electrode, so one hydrogen electrode is 
usually replaced by a calomel electrode , which has a constant 


j* v* poi* 


-vc 


A 

1 


5ruHi . P°Us, | 

r- 





— Calomel Electrode 

^Calomel 

- MerCwi'W 

Solution —T- r 

|>H required _ 

8 

~ 


£2 

: 

i 

• 

i 


Fig. 182. — Arrangement of Cell for determining Hydrogen Ion 
Concentration. 

potential, known on the hydrogen scale. The calomel electrode is 
really a mercury concentration electrode. It is made by placing a 
pool of mercury at the bottom of a vessel, and oovering it with a 
paste of pure mercurous chloride, mercury and potassium chloride 
solution. The strength of the latter partly determines the e.m.f. 
of the electrode ; hence, the strength must be specified. It is 
usual to employ Nj 10, N, or saturated solution. The cell is filled 
with potassium chloride solution of the correct strength, saturated 
with mercurous chloride. 

A diagram of the two electrodes, arranged to determine the 
hydrogen ion concentration of a solution, is given above. The 
determination of the e.m,f. of the cell, by means of a potentiometer, 
calls for no description, as it is given in the practical text-books. 

The e.m.f, of the calomel electrode referred to the normal hydrogen 
electrode is 0*3989 volts, 

The quinhydrone electrode is another arrangement in use for 
determination of electrode potentials. It is not of such general use 
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as the hydrogen electrode, since it can only be used for acid solutions 
in which the is numerically less than 7, and is not reliable in the 
presence of certain neutral salts. It is y however, easier to set up 
than the hydrogen electrode, and does not require a continuous 
supply of hydrogen. 

If quinone and its reduction product, hydroquinone, are present 
together in a solution which also contains hydrogen ions, the 
following reversible reaction can take place 

C 6 H 4 O s + 2H+ ^ C fl H fl O t - 2s 

Quluone. , Hydroquinone. 

provided that the electricity 2« is removed. This can readily be 
done by placing in the solution a piece of platinum foil and making 
the arrangement part of a cell. The potential of the electrode can 
be obtained by a method similar to the last. By direct comparison 

of a quinhydrone electrode against 
a hydrogen electrode, the expression 
E = 0*704 + 0*058 Iog 10 [H+] 
was found by Biilmann to give the 
e.m.f. of the electrode at 18° C. 

The Glass Electrode . — When a glass 
surface is in contact with a solution, 
it acquires a potential, which de- 
pends upon the hydrogen ion con- 
centration of the solution. This 
observation, which was made as far 
back as 1909 by Haber and Klemen- 
siewicz, is now used as a basis of a 

Fro. 183. — Glass Electrode. method of determining the j> H of a 

solution where other electrodes 
cannot be used. The glass electrode consists essentially of 
a very thin-walled glass bulb, A, made of a low melting point 
glass, blown at the end of a glass tube. This is filled with an 
electrolyte, e.g. 9 N hydrochloric acid saturated with quinhydrone. 
The upper end of the tube is ground, and a terminal, T, bearing a 
platinum wire, with which electrical contact is made with the 
electrolyte in the tube, is fitted over the ground portion. The bulb 
is then placed in the liquid B, of which the p H is required and the 
potential is measured against a standard electrode C by means of a 
potentiometer* Since the resistance is high, a special galvanometer 
must be used. The potential of the electrode is connected with 
the pa of the solution by the equation 
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£ is a constant for the electrode depending upon the nature of the 
glass and the electrolyte used in the bulb. It can be' determined 
by finding the e.m.f . produced in buffer solutions of known If 
a curve is drawn between p H and e.m.f., the p n of any solution 
measured with the glass electrode can then be read off directly when 
the e.m.f. produced is known. 

The nature of the glass used is of importance. It must not be 
appreciably attacked by the liquid under test, and yet must have 
as high a conductivity as possible. The latter condition is fulfilled 
by soda-glass, but this is very easily attacked. For this reason, the 
results obtained by the glass electrode are not reliable for alkaline 
solutions of pu greater than 10. 

By the electromotive force method accurate determinations of 
Pb can be made, and if the apparatus is kept ready, as it can be, 
where the determination has frequently to be made, it is quite rapid. 
Under ordinary circumstances, however, it would be too slow. 

(3) The freezing point method is only another way of determining 
the degree of dissociation, from which, of course, the p B can be 
obtained. Knowing the true molecular weight of the acid, the 
molecular depression of the solvent used, and the depression of the 
freezing point caused by the solution of 'a known weight of acid in a 
given weight of solvent, a can be determined as previously indicated 
(§256). •py - IRT* i - + J . 

^f4) The colorimetric method. This depends on the use of 
indicators (§ 286). Only a brief indication of the application of the 
method will be given. Indicators are known which change their 
oolour at various values of p B , and, indeed, there is a universal 
indicator, a mixture of several indicators, which changes colour 
from purple, through blue, green, yellow, orange to red as the p B 
changes in the direction of greater acidity. A series of buffer 
solutions is prepared (§ 284). A drop of the universal indicator is 
added to each of these, thus colouring each differently. The 
solution of unknown pg is taken, a drop of the indicator is added, 
and the colour compared with that of the standards. In this way 
the tube matching with the unknown solution gives the p B . 

This is the simplest, and most satisfactory, method where speed 
combined with moderate accuracy is required. There are indicator 
methods which do not involve the use of buffer solutions, but these 
do not yield such accurate results and are not so convenient* 

^(5) The method using the catalysis of ester hydrolysis will be 
discussed in connection with the determination of the strengths 
of adds (§ 293). 

\3L/ 278* The Ionisation of Water. — When hydroxy lions and hydrogen 
ions are brought together, water is formed, which is practically 
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undissociated. Water is very nearly an insulator, but the fact that 
the purest water will conduct the current a little points to the fact 
that it must be slightly broken down to its ions. The union of 
hydroxyl and hydrogen ions to form water is neatly shown by the 
ionic explanation of the fact that the heat of neutralisation of a 
strong acid by a strong base is always in the neighbourhood of 13,700 
gm.-cals per gm.-mol. (§ 306). Thus, if hydrochloric acid and 
sodium hydroxide, in equivalent proportions in dilute solution, are 
mixed, there is an evolution of heat to the extent of 13,700 gm.- 
cals. per gm.-mol. The same is true for hydrochloric acid, and 
potassium hydroxide, and of nitric acid and a strong base. The 
following Table shows the heat of neutralisation of some of the 
commoner acids with sodium hydroxide. 


Table XCIV. 


Acid. 



Heat of Neutralisation. 

Hydrochloric . 



GoL-cala. per gnu-mal. 

13,700 

Nitric .... 



13,700 

Hydriodic 



13,700 

Hydrobromic • 



13,800 

Chloric .... 



13,800 

Acetic .... 



13,400 

0-6 gm.-mol. Sulphuric 



15,700 

Hydrofluoric . 



16,300 


The fact that the heat of neutralisation per gm.-mol. of all these 
acids is about the same indicates that there must be a common 
reaction taking place for them all. If the ionic equation for an acid, 
say HA, reacting with sodium hydroxide is written, we have 
H+ + A~ + Na+ + OH- ^ H a O + Na+ + A", 

since the salt formed will be well ionised. Thus, the net reaction 
is merely the union of hydrogen and hydroxyl ions to form the 
comparatively little dissociated water. This is the same with all 
strong acids and bases, particularly if the neutralisation is carried 
out in dilute solution, for then the dissociation of the reactants is 
complete. 

The ionisation of water is a reversible process. Hence, the Law 
of Mass Action will apply to it. Although water is but little fcmised, 
this ionic equilibrium is one of the most important in physical 
chemistry, for it will explain many properties of aqueous solutions 
of electrolytes. 
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It is therefore of some interest to discover to what extent water is 
ionised. The usual method of finding the degree of dissociation is, 
of course, to determine the conductivity and calculate a from the 
result. Water conducts very feebly, and the presence of impurities 
makes a tremendous difference to the value obtained for the 
conductivity. 

Kohlrausch and Heydweiller determined the specific conductivity 
of the purest distilled water (p. 515) and found it to be 0-0384 X 10" 4 
mhos at 18° C. We obviously cannot determine directly the 
equivalent conductivity at infinite dilution, but we can derive the 
corresponding figure by adding the ionic conductances at infinite 
dilution of the hydrogen and hydroxyl ions (§ 259X The value for 
hydrogen is 313, and for hydroxyl 174 mhos. Hence, the equivalent 
conductivity of completely ionised water will be 487 mhos. The 
equivalent conductivity is equal to the specific conductivity multi- 
plied by the volume in c.c. containing one gram -equivalent of the 
ions. Hence, the volume containing one gram-equivalent of 
hydrogen and hydroxyl ions 

487 

= 0-0384 x lO-* 00 '' 

— 1-27 X 10 10 c.c. 

Hence, the hydrogen ion concentration is 
1 

FT? — i 0 B gm.-equivs. per c.c. 

*=0*78 X 10“ 10 gm.-equivs. per o.e. 

— = 0-78 X 10“ 7 gm.-equivs. per litre. 

As stated above, the ionisation of water is a reversible process, 
and the Law of Mass Action can be applied to it. In the equilibrium 
H 2 0 ^ H+ + OH- 

the amount of undissociated water is so great that its concentration 
may be regarded as constant. Hence, 

[H + ] [OH - ] K*. 

K„ is the ionic product for water. Taking the figures derived 
above 

K „ = 0-78 X 0 78 X 10- 14 = 0-61 X 10~“. 

This is the value at 18° C. The conductivity of pure water increases 
rapidly with the temperature, and the following Table shows the 
values of K„ at various temperatures. 

X®C . 0 18 25 50 75 100 128 128 218 

X 10” 8-09 0-61 1-0 4-5 16-9 48 114 220 461 

The value at 26* C. is usually taken as standard, because it is a 
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convenient temperature for working and happens to give the value 
unity for the ionic product ( x 10 14 ). 

It is to be noted that K w is the ionic product, and not the dissocia- 
tion constant of the reaction. The value of the latter at 18° C. 
would be given by 


[H+HOH-] 

IH 2 0] 


(0-78 .x10^1_1/q, 78x1 o- 7 V 

/1,000\ “ 55^ X ) 

v is ; 


Another method of determining the concentrations of hydrogen 
and hydroxyl ions in water is that due to Wijs, who determined the 
rate of hydrolysis of methyl acetate in pure water. 

CH3.COOCH3 + H+ + OH- ^ CH3.OH + CH3.COO- + H+ 

It is clear that in this reaction, as it proceeds towards the right, 
the concentration of hydrogen ions increases, relative to that of the 
hydroxyl ions. It was shown that hydroxyl ions were much more 
effective catalysts for this hydrolysis than the hydrogen ions, being, 
in fact, about 1,400 times as active. The reaction velocity would 
therefore reach a minimum when the hydrogen ion concentration 
was 1,400 times as great as that of hydroxyl ions. From his results 
Wijs calculated that K w was 1*44 x 10“ 14 , at 25° C. 

The value of the ionic product has been obtained by several other 
methods, and a list of the values derived is given in the accompany- 
ing Table : — 


Table XCV. 


Method. 


E m at 25° C. 


Conductivity of pure water 
Hydrolysis of sodium acetate . 
Hydrolysis of methyl ocota to . 
E.m.f. of hydrogen-oxygen cell 


10 x 10- 14 
115 X 10- 14 
1*44 x 10- 14 
101 X 10- 14 


There is thus little doubt of the order of this dissociation, and, for 
all ordinary purposes, the value of K w is taken as 10“ 14 at 25° C. 

Knowing the value of the ionic product, which is a multiple of the 
dissociation constant, at two different temperatures, we can calculate 
the heat of ionisation (Q) of water by making use of van’t Hoff’s 
equation (§321). This states 

log 10 - log 10 K t = (gr - 
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How, far T x - 0® C. «= 273® Abs., JST, « 0 00 X 10" u 
T t - 50° C. « 323® Aba., Z, = 4-6 X 10“ 14 

log (0 09 X 10-») - log (4-5 x 10-») - 4=^ (^3 - 3I3) 

— Q ( 60 \ 

- 1 * 6990 - d^CsTOo) 

• n _ 4 576 X 1-6900 x 8818 

“ V 6 

■= 13,720 gm.-cals. per gm.-raol. 

Now Q t the heat of ionisation, should be the amount of heat given 
out when a strong base neutralises a strong acid in dilute solution 
if the theory is correct. It is seen that there is very good agreement 
between the calculated and observed values, which provides good 
evidence for the accuracy of the theories involved. 

/ 279* Hydrolysis of Salts. — Nearly every salt when dissolved in 
'water exhibits a slight acid or alkaline reaction ; the solution is 
hardly ever perfectly neutral. This is due to the action of water on 
the salt, and the phenomenon is known ,as hydrolysis . It is ulti- 
mately caused by the fact that the acid and the base which have 
combined to make the salt have not been of exactly the same 
strength. If the strengths are exactly the same, a truly neutral 
solution is obtained when the salt is dissolved in water. Take, for 
example, sodium chloride, NaCl. This is made by the combination 
of a strong acid and a strong base, and hence the resultant salt is 
neutral. Ferric chloride, on the other hand, exhibits an acid 
reaction in aqueous solution. This is because it is made by the 
combination of a strong acid, HC1, and a weak base, Fe(OH),. 
Sodium borate is alkaline in solution, since it is a compound of a 
strong base, sodium hydroxide, and a weak acid, borio. The cause 
of the acid or alkaline reaction is entirely due to the presence of 
water, and ultimately to the ions of water, and it is for this reason 
that the process is called hydrolysis. 

280. Qualitative Demonstration of Hydrolysis.— (1) Indicators, if 
they are sufficiently sensitive, when added to solutions will show, by 
their colour changes, that hydrolysis has taken place. 

(2) In the case of some substances, special features may be made 
use of to indicate the presence of hydrolysis. Thus, ferrio chloride 
will give a solution which on dialysis separates into a solution 
containing colloidal ferric hydroxide, and another which is strongly 
acid. 

Solutions of ammonium salts will sometimes smell of ammonia 
when the hydrolysis is pronounced, owing to the greater volatility 
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of ammonia than of acid. Similarly, potassium cyanide solution 
smells of hydrocyanic acid. 

Quantitative Treatment of Hydrolysis. — What actually 
happens when a salt like ferric chloride hydrolyses ! The fact that 
hydrolysis takes place is primarily due to the dissociation of water 
into its ions, 

H 2 0 ^ H+ + OH". 

Ferric chloride ionises as follows : — 

FeCl s ^Fe+ + + + 3a- 

The ferric ions find themselves in the presence of hydroxyl ions, with 
which they will partially combine to form ferric hydroxide which is 
only very slightly ionised and very slightly soluble, and is therefore 
thrown out of solution (os a colloid). 

Fe+ + + + 30H" ^ Fe(OH) 8 . 

This removes hydroxyl ions from the sphere of action, and the ionic 
equilibrium of the water is disturbed, The ionic product [H+] [OH~] 
must, if the Law of Mass Action be true, remain constant. Hence, 
more water will ionise, and the hydrogen ion concentration will now 
be in excess. A solution containing an excess of hydrogen ions is 
acidio. Hence, a solution of ferric chloride in water will be acid 
in reaction. Summing up, the reaction is 

Fe+ + + + 3H f O ^ Fe(OH) 8 + 3H+. 

Taking as another example the case of sodium carbonate, we find 
that here again the ionisation of water is the key to the whole 
situation. The sodium carbonate ionises as follows : — 

Na 2 C0 3 ^ 2Na+ + C0 3 " - 

Now the carbonate radical will combine with hydrogen ions to give 
the feebly dissociated carbonic acid (feebly dissociated because it is 
a weak acid). This process removes hydrogen ions from the sphere 
of action, and more water ionises to keep the ionic product constant. 
But the solution now contains an excess of hydroxyl ions, which is 
only the same thing as saying that it is alkaline. 

In the case of sodium chloride, the salt of a strong acid and a 
strong base, the ionisation takes the following oourse : — 
NaCl^Na+ + Cl- 

If the sodium ions were to combine with the hydroxyl ions of the 
water they would form sodium hydroxide, which is very nearly 
completely dissociated, so the hydroxyl ion concentration does not 
change. Similarly, if the chlorine ions were to combine with the 
hydrogen ions of the water, they would only form the strong acid, 
hydrochloric, which is fully ionised, and so there would be no change 
in the hydrogen ion concentration. The solution therefore contains 
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as many hydroxyl as hydrogen ions, just as neutral water does, and 
therefore the solution is neutral. 

Degree of Hydrolysis . — The strength of an aoid or a base is measured 
by its dissociation constant (§§ 271 , 293), so the extent of hydrolysis 
taking place will also depend upon this. 

The degree of hydroly sis. ft. is defined as the fraction of the tot al 
salt Jiydroly8ed. Thu8. if in a solution "of “aniline hydrochloridie, 
CflHjNHjHCl, 95 per cent, of the salt is hydrolysed into aniline and 
hydrochloric acid, the degree of hydrolysis, ft , is 0*95, or may be 
expressed as a percentage, 95 per cent. 

The degree of hydrolysis can be calculated from the ionisation 
^ constants of the substances involved in the following way : — 

^ The general reaction for the hydrolysis of the salt (BA) of a strong 
base and a weak acid is 


B+ + A- + HjO ^ B+ + OH- + HA, 
or A- + H 2 0 OH- + HA. 

Now [A~] is proportional to the concentration of unhydrolysed salt, 
[OH“] is proportional to the concentration of free base, 
and [HA] is proportional to the concentration of free acid. 

. V [OH-] V [HA] _ [free base] [free acid] 
k"' [A-] [unhydrolysed salt] 


K k 


(1) 


the concentration of water being regarded as constant. K h is 
called the hydrolysis constan t . and it must be borne carefully in 
mind that itls not the degree of hydrolysis, although the latter can 
be obtained from it by calculation. 

Now let [H+][0H -] - Z (2) 

“ d " K - (3) 


where K u is the ionic product for water, and K a is the dissociation 
constant of the acid. 

Dividing (2) by (3), we have 
[OH*] [HA] 

—[£=) JC. 

Thus the hydrolysis constant, 2T, t , is the ratio of the ionic product 
for water to the dissociation constant, K a , of the weak acid. 

^ ' The equation in the case of the salt (BA) of a strong acid and a weak 
base is derived in a similar way. In this case the general equation is 
B+ + A- + H 2 0 ^ H+ + A- + BOH, 
or B+ + H s 0 ^ BOH + H + , 

Applying the Law of Mass Action, we have 
[B0H][H+] _ r 
[B+] 


. - <*> 
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the concentration of water being regarded aa constant. Now 
[H + ] is proportional to the concentration of the free acid, [BOH] to 
that of free base, and [B+] to that of unhydrolysed salt. The 
equilibria involved are 


and 


H+ + OH- ^ H,0, K„ = [H+] [0H-] 
[B + ] [OH“] „ 

"[BOH] ~ ‘ ‘ 



Dividing (6) by (7), we get 

[BOH][H+]_ ^ _K m 


• • (8) 


Thus, in the case of the salt of a weak base and a strong acid, the 
hydrolysis constant is the ratio of the ionic product for water to the 
dissociation constant of the weak base. 

A very similar method of treatment leads to the relationship for 
the case of a salt of a weak acid and a weak base. Take, for example, 
aniline acetate. This hydrolyses as follows : — 

C,Hj . NH, . CH S . COOH + HOH^C 8 H e .NH,OH + CH s .COOH. 

Hypothetical anUlnlum hydroxide. 


If we assume that the salt is completely ionised, we have 
C 6 H 6 NH + ,+CH,.COO-+H.OH ^ C # H 6 .NH s .OH+CH,.COOH; 


or, in general, 

B+ A- *f HjO v” BOH 4" HA. 
. [BOH] [HA] _ p. 

“ [B+][A-] * * ’ 


(•) 


The equilibria involved are : — 


• *■_ 


K. 


[H + ] [A- ] 
THA] 


_ [oh-] m 

* [BOH] " ' 


JT.= [H+][OH-] 


( 10 ) 

( 11 ) 

( 12 ) 


[H+] [0H-] [HA] [BOH] [HA] [BOH] ^ 
1& + ] [A-] [0H-] [B+] ~ [B+][A-] 


We can sum up these results as follows : — 

K '“i 

jc/ For the salt of a weak acid, and a strong base, K h = j 

K ( 

^ For the salt of a weak base and a strong acid, K k = 1 


, *vFor the salt of a weak acid and a weak base, K k = 
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m 


^Notice that it is always the dissociation constant of tbs weak 
constituent that appears in the denominator. 

These formulae can only be regarded as approximately true, for 
they have been derived on the basis of assumptions which are 
probably in part inaccurate. 

The relationship between K h and h follows from consideration of 
equation (1), p. 561. We have for the equation for the hydrolysis 
of a salt of a strong base and a weak acid 

B+ + A- + H 2 0 ^ B+ + OH- -b HA, 
or A- + H 2 0 ^ OH- + HA. 

If one gram-molecule of the salt is dissolved in v litres of water, 
and h is the degree of hydrolysis, the molecular concentration of 
1 - h 

unhydrolysed salt is , and that of the hydrolysed salt and of 


the free acid will be 


* _[OH-J[HAl_ 

Hence, K h - [A _j " „ (1 JTf)’ 

If h is small, vKh = h 2 , 

As an example of the use of the above equations, we will calculate 
the degree of hydrolysis of JV/10 and Nl 100 solutions of potassium 
cyanide. The dissociation constant of hydrogen cyanide is 7-2 X 
10- 10 at 25° C. 

Potassium cyanide is the salt of a strong base and a weak acid, 

K 10~ u 

, rr ** W __ 

• • * = 1-2 x 10- w 

= 1-389 x 10-‘. 

Now, the reaction is 

K+ + CN- + H 2 0 = K+ + OH- H- HCN, 
or CN- + H 2 0 = OH- + HCN 

[OH-KHCN]. 

and K h = [(j n=]— 

h 

The degree of hydrolysis is A. In N / 10 solution [OH - ] = [HCN] 

1 -h 
10 ' 

A® 

= K h = 1-389 x 10 

“JO" 

A® 


A* 

»(1 -T)‘ 


1-389 x 10 


= 1-389 x I0“* 


and [CN - ] 
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h will be small and can be neglected with respect to I. 

/. h * - 1-39 X 10- 4 
h — 118 x 10-*. 


In JV/100 solution, [OHj = ~ = [HCN], and [CN-] = 1 

It* 

= 1-389 X 10-* 

loo" 


h* 

1 -h 


1-389 X 10 ». 


Neglecting h with respect to 1, we have 

h 2 = 1-39 x 10- # 
h mm 3 77 X 10~ 2 . 

282. Determination of the Degree of Hydrolysis of a Salt. - There 
are several methods of doing this, including the following : — 

(1) The Distribution Method. 

(2) The Conductivity Method. 

(3) The Colligative Property Method. 

(4) The Catalysis Method. 

(6) The Electromotive Force Method. 

(6) The use of Indicators. 

(1) The Distribution Method . — It is obvious that the ordinary 
methods of chemical analysis cannot be used to investigate the 
equilibrium, for this would be shifted by their application. A 
physical method must therefore be used. In the distribution 
method, a solvent is taken which will dissolve one of the products 
of the hydrolysis. The distribution of this substance between the 
solvent and water is first determined, so that the concentration of 
the substance in the solvent, if subsequently determined, is an 
index of the concentration in the aqueous layer. 

The degree of hydrolysis of aniline hydrochloride may be found in 
this way. First it is necessary to determine the distribution 
coefficient of aniline between water and benzene. This is done by 
shaking 10 gms. of aniline with 1,000 c.c. of water, and 60 c.o. 
benzene. Withdraw 50 c.o. from the benzene layer, and determine 
the amount of aniline in it by passing in dry hydrogen chloride gas. 
This precipitates the aniline as hydrochloride, in which form it may 
be weighed by evaporating off the excess of benzene on the water 
bath. From the weight of the hydrochloride, the weight of aniline 
in the benzene layer can be found. The rest must be in the water 
layer. Taking the volume of the benzene layer as 59 c.o., allowing 
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1 o.o. for solution in water, the concentrations of aniline in the two 
layers are found, and the distribution coefficient determined. 

Now take 10 gms. of aniline hydrochloride (or the equivalent of 
aniline and hydrochloric acid) and shake up as before with 60 o.o. 
benzene and 1,000 c.c. water. Determine the amount of aniline in 
the benzene layer by precipitation with dry hydrogen chloride. 
From the distribution coefficient we know the weight of free aniline 
in the aqueous layer, and from this the degree of hydrolysis can be 
found. 

L 8b D be the distribution coefficient of the aniline between 
benzene and water, and v the volume of benzene, in litres, taken 
to 1,000 c.c. water. 

Let c x be the concentration of base in the aqueous layer, in gram- 
equivalents per litre, and c 2 the original concentration of the salt 
in gram-equivalents per litre. 

As there is c l of base in the aqueous layer, there must also be 
c^D in the benzene layer, so that the total concentration of the 
base is Cj(l + vD). Hence, concentration of the unhydrolysed salt 
is c a — Cj(l + vD ). There must also be, in the aqueous layer, acid 
of concentration Cj(l + vD). 

Applying the Law of Mass Action to the equilibrium 
salt -f water ^ base + add* 

[base] [acid] _ ^ 

[salt] * 

Substituting the values found, we have 

cW ±vD) 
c t — c x (l + vD) w 

from which K h can be readily calculated. The degree of hydrolysis 
can be calculated from this. 

(2) The Conductivity Method .— When hydrolysis takes place t 
hydrogen or hydroxyl ions are formed, and as these have a very 
high mobility, the conductivity of the solution is increased con- 
siderably by hydrolysis. 

Taking the case of the salt of a strong base and a weak acid, we 
have 

B+ + A- + H 2 0 ^ B+ + OH- + HA, 
or A* + H 2 0 ^ OH- + HA. 

The solution now contains free A“ ions and free OH“ ions, and the 
solution will owe its conductivity mainly to the OH~ ions. The 
equation for the equilibrium derived from the Law of Mass Action is 


[free base] [free acid] __ 
funhydrolysed salt] 
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If we now add a little of the free acid, which, being weak, may be 
taken as practically non-ionised, we increase [free acid], and henoe 
increase [unhydrolysed salt], in order to keep the value of K h con- 
stant. In other words, the hydrolysis is repressed without altering, 
to any great extent, the number of OH" ions present. It is possible, 
by finding the conductivity of solutions of the pure salt, and of 
solutions containing excess of the weak acid, or the weak base, to 
arrive at the degree of hydrolysis of the salt. 

Consider the above equilibrium 

salt -}- water ^ base + acid. 

Suppose we have one gram-equivalent of salt originally present in 
v c.c., and h is the degree of hydrolysis. The concentrations of the 

unhydrolysed salt, the base and the acid will be - - and - 

v v v 

respectively. For the equivalent conductivity of the solution at 
this dilution, we have 

A 9 = (l — h) A' v + hA'\, 

where A' v and A” v are the equivalent conductivities of the un- 
hydrolysed salt and of the strong base respectively. The acid, 
being weak, is supposed to be un-ionised and consequently docs not 
add to the conductivity. Hence, 



We can determine A v , and A\ can be obtained by measuring the 
conductivity in the presence of the weak acid which wholly represses 
the hydrolysis, and does not itself add to the conductivity. A" v can 
be determined separately, and thus h can be found. 

(3) The Colligatvve Property Method . — In the equation 

B+ + A- + H 2 0 ^ B+ + OH- + HA 
there is obviously an increase in the number of individuals present, 
water not being counted. This will result in a lowering of the 
vapour pressure, and hence a lowering of freezing point and elevation 
of boiling point. By determining the effect of the hydrolysis on one 
of these we can find the degree of hydrolysis. Since these methods 
are not very sensitive* it is clear that they can only be used with 
accuracy for substances that are highly hydrolysed. 

(4) The Catalysis Method. — This is very similar to the method for 
determining the hydrogen ion concentration of a solution (§ 293). 
Hydrogen ions and hydroxyl ions are able to catalyse certain 
reactions, e.g. 9 the hydrolysis of an ester. By determining the 
speed of the catalysed reactions the concentration of the catalysing 
ion can be found. This is hardly an example of true catalysis, as 
the effect is proportional to the concentration of the ion. 
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(5) The Electromotive Force Method. — This, again, is merely a 
method of determining hydrogen ion concentration, and hence will 
not be described in full here. Reference should be made to § 277. 
A cell is made of a hydrogen electrode and a suitable reference 
electrode (say calomel), and its e.m.f. determined by means of a 
potentiometer. The difference of potential observed is made up of 
two parts : (1) that between the normal hydrogen electrode and the 
hydrogen ions in the solution ; and (2) that between the reference 
electrode and the hydrogen ions. The formula, as derived in § 277, 
is 


* jp RT i °t 


from which the p& and hence the degree of hydrolysis can be 
determined. 

(6) The Indicator Method . — This is just the same as the indicator 
method of determining hydrogen ion concentrations (§ 277). It only 
gives an accurate estimate of the hydrolysis where this is not too 
great. 

As an example, suppose that a solution containing z gram-mole- 
cules of the salt of a strong acid and a* weak base, dissolved in 
1 litre of water, is investigated. The p l{ of this solution is found to 
be 5*8, say. It is required to find the degree of hydrolysis. The 
equation governing the hydrolysis is 

B+ + H a O^BOH + H+ 

If h is the degree of hydrolysis, the amount of B+ left will be z{ 1 — A), 
and the amounts of BOH and H+ formed will be zh. The concen- 
tration of hydrogen ions may be found from the value as follows : — 

“logxo [H+] =6*. 

1 log l0 [H+] = 6*2000 

[H+] =3 1*585 x 10“* gm.-mols. per litre. 

Hence zh = 1*585 x 10~ 6 gm.-mols. per litre. Knowing z t h can 
be calculated. 

283. Determination of the Ionic Product for Water from Con- 
sideration of Hydrolysis. — For the hydrolysis of the salt of a weak 
acid and a strong base the value of the hydrolysis oonstant, £*, is 
given by 



If we can find Kk and K a we can obviously find K m provided that 
the method used for finding K k does not involve the use of K w . 

As an example, we can take the hydrolysis of sodium aoetate. For 
a if/10 solution at 25° 0., the hydrolysis amo^nti to 0*008 per cent. 
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[acid] « [base] = 0-00008 x 0-1 
[salt] 0*1 (neglecting the very small amount hydrolysed) 
. K _ [acid] [base] _ (0 000008) f 

• * v k Fiinlivfl sn.lt.1 


0-64 X 10- f . 


[unhyd. salt] 0-1 

Now K a for acetic acid « 1-8 x 10“ 8 . 

/. E w = K a K h _ 1*8 x 10“ 8 X 0-64 x !<>-• 


« 1*2 x 10' 14 
[H*] [OH"] = 1*2 X 10- 14 , 
or [H+] = [OH-] = M x 10- 7 


284. Solutions o! Reserve Acidity and Alkalinity. — Even the purest 
water does not retain a p u value of 7 for very long. The reason for 
this is that carbon dioxide in the air dissolves in the water and gives 
it a slight acid reaction, or silicates may be dissolved from the glass 
in which the water is kept, and the smallest trace of these impurities 
gives rise to an alteration in the p H value. It is sometimes necessary 
[as will have been seen in the section (§ 277) on the colorimetric method 
of determining hydrogen ion concentration] to prepare solutions of 
known p B value, and to know that this p H will not alter when, say, a 
drop of indicator is added to the solution. Such solutions, which 
are reasonably permanent in p H value, are called solutions with 
reserve acidity or alkalinity, or more often buffer solutions. 

Buffer solutions arc usually made up of a mixture of the salt of a 
weak acid and the acid itself in various proportions, e.g., sodium 
acetate and acetic acid. In a solution of this mixture we have 
mainly sodium ions and acetate ions. There will also be some 
hydrogen and hydroxyl ions. There is, however, a large excess of 
acetate ions owing to the presence of the well-ionised sodium acetate. 
If hydrogen ions are added to this solution they combine with the 
acetate ions to give very slightly dissociated acetic acid 
H+ + A-^HA 


[H+][A-] 

[HA] 


= K. 


A- stands for the acetate ion. 

Hence there will be little increase in the p^. The addition of an 
acid to the buffer solution therefore makes little difference to the 
p n value. 

The value of the pn for a mixture of sodium acetate and acetio 
acid can easily be calculated if the dissociation constant of the acid 
is known. 

Thus, the dissociation constant of acetio acid is 1*8 x 10~* at 
25* C. Suppose we have a solution containing 0*2 gm. -molecule of 
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acetic acid per litre, and 0-02 gm. -molecule of sodium acetate per 
litre. We require to find the p H of the solution. 

We have 


or 


fig] [A~] _ 
[HAJ “ 

[H+] = 


1-8 X 10-*, 

1-8 X 10-* x [HA] 
LA-] 


Assuming that the acid, since it is weak, is not dissociated at all, 
whilst the salt is completely dissociated, 


[HA] = 0-2, 

[A-] = 0 02. 

[H+] = 1-8 X 10-* X 10 = 1-8 X 10- 4 


l> H = + logio t -g+j = 3-74. 

If the solution contains 0-02 gm.-molecule of acetic acid, and 
0*2 gm.-molecule of Bodium acetate, we can calculate the pa in a 
similar way. 

As before, 

rTTAi 1-8 x 10-* X.[HA] 
lH] [A=] 


[H+] = 


1-8 X 10-* X 0-02 


02 
1-8 x 10-* 

Ph = + togisfg+j = 5-74. 

The values of the p B given in the Table below have been obtained 
by calculation in this way : — 


Table XCVL 


Gm.-mol. Acetic Acid 
per Litre. 

Gm.-mol. Sodium Acetate 
per Litre. 


0185 

0-015 

3-6 

0164 

0-036 

4-0 

0126 

0-074 ' 

4-4 

0080 

0-120 

4-8 

0-042 

0-158 

5-2 

0-019 

0-181 

4‘*» 


These values can be plotted, and the amount of each substance 
required to give a oertain p B can be calculated (Fig. 184). 
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It i b dear that a solution containing the salt of any weak add 
together with the weak acid itself will behave in a similar way to 
the above, and the following are frequently used as buffer solutions : 

Sodium carbonate and sodium bicarbonate. 

Disodium hydrogen phosphate and sodium dihydrogen 
phosphate. 

Boric acid and borax. 

Citric acid and sodium citrate. 

Sodium phthaUte and hydrochloric acid. 

The effect of adding 1 c.c. of N/100 hydrochloric acid to 1 litre of 
the buffer solution containing 0-2 gm. -molecule of acetic acid per 

litre and 0*02 gm. -molecules 
of sodium acetate per litre, of 
which the has just been 
found, may be calculated. 

The amount of hydrochloric 
acid added is 0*00001 gm.- 
** 5| molecule. Assuming the acid 

to be completely dissociated, 
0 00001 gm.-molecule of 
hydrogen ion will be added. 
The volume change conse 



Fig. 184. — p B Values of Mixtures of 
Sodium Aoetate and Acetio Acid. 

and some of the latter will be used 


quent upon the addition will 
be neglected. The addition 
of the hydrogen ions causes 
the formation of more acetio 
acid from the sodium acetate, 
up:— 


NaA + HC1 = NaCl -f HA. 


Assuming that the acetic acid is not at all dissociated and the 
sodium acetate is completely dissociated, the reaction will proceed 
to completion, and all the hydrogen ions will be used up in forming 
undissociated acetio acid. The amount of undissociated acid thus 
formed will be 0*00001 gm.-molecule, and the amount of sodium 
acetate used up will -also be 0*00001 gm.-molecule, so that the 
concentrations [HA] and [A] are now 0*20001, and 0*01999 gm.- 
molecule respectively. Hence, as explained above. 


1*8 x 10-* x [HA] 

^ [FT 

1*8 X 10-* X 0-20001 
* 001999 

■> 1*801 x 10-*, 
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giving a ph oi log 10 = 3*74, whioh is not different 

" 1-801 x 10~ 4 

from that of the buffer solution itself (3-74, calculated on p. 669). 

The effect of adding 1 c.c. of N 1 100 hydrochloric acid to water is 
much greater. The concentration of [H + ] added is 0-00001 gm.- 
molecule per litre. Neglecting the ionisation of water, the p& of 


this solution would obviously be log 10 = 5. The is therefore 


changed from 7 to 5. 

The above calculations on the pn of buffer solutions have been 
very greatly simplified. The assumptions with regard to the 
degree of dissociation of the weak acid and its salt are certainly not 
true ; but, without this simplification, the calculation is very 
complicated. 

286. Hydrogen Ion Concentration Changes in the neutralisation o! 
a Strong Acid by a Strong Base. — Quite a different state of affairs is 
met with here, because the acid, the base, and the salt may all be 
regarded as completely ionised. 

Let us consider the titration of a normal solution of a base with a 
normal solution of a strong acid, and calculate the pn of the solution 
at various stages in the neutralisation. Since both acid and base 
are strong, there will be no effect of the salt produced on the ionisa- 
tion, and no hydrolysis. 

When 10 c.c. of acid have been added to 50 c.c. of base, and the 
whole has been made up to 1 litre, there are 40 c.c. of base left. 
Since the solution was normal there are 40/1,000 gm. -equivalents of 
base in this volume, so the hydroxyl ion concentration now is 
40/1,000, t.e., 0-04 = 4 x 10~*. The hydrogen ion concentration 
is given by the expression 

[H+] [OH-] = 10- 14 . 

Henoe, [H+] - 4 ^ - 2-5 X 


When 20 c.c. of acid have been added, there are now 30 c.c. of 
base left un-neutralised, and hence the hydroxyl ion concentration 
is now 3 X 10“ s , and the hydrogen ion concentration 3-3 X 10“ u . 

The pn begins to alter very rapidly in the neighbourhood of the 
neutralisation point. When 49-5 c.o. of acid have been added, 
there is 0-5 c.c. of base left, and the hydroxyl ion concentration is 
0-5/1,000 = 5 X 10” 4 . The hydrogen ion concentration is 
10 -m 4 . 5 X 10~ 4 = 2x 10-“ 


Now, when 50*6 c.o. of acid have been added, the hydrogen ion 
concentration is 6 x 10" 4 . There is thus a change in hydrogen ion 
concentration from 2 v I0“ u to 5 X 10* 4 during the addition at 
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1 o.o. of aoid at the neutralisation point. Obviously such a mixture 
could not be used as a buffer mixture, because the addition of a 
trace of acid would alter its p H very much. 

The values obtained for the pn of the solution at various points in 
the titration are given in the Table below, and are also plotted in 
the graph (Curve I). This curve is a typical neutralisation curve 
for a strong acid and a strong base. 


Table XCVII. 


(\c. N NaOH added to 

60 c.c. N add. 

[IX J- 


450 

5 X 10- 3 

2-3 

490 

1 X 10- 3 

3-0 

49-5 

5 X 10- 4 

3-3 

49-9 

1 X 10- 4 

4-0 

49-95 

5 X 10" 5 

4-3 

50-0 

1 X 10 -7 

7-0 

50 05 

2 x 10- 1 " 

9-7 

50-10 

1 X 10" 10 

10-0 

*60-5 

2 x 10-« 

10-7 

61-0 

1 x 10 11 

110 

55-0 

2 x 10-” 

11-7 



to 30 *0 40 >0 •© 70 00 00 

Volume of base (clodded toSOcc.ee id ( Curve* IJJB) 

Volume of add (u) added ke50tc.baaa( Curve Of) 

Fig. 185. — Titration of an Acid with a Base. 

I. Strong acid — strong base. III. Very weak acid— -strong base, 

II. Weak acid — strong base. IV. Weak base— strong acid. . 
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This curve should be compared with that for the titration of a 
weak acid by a strong base (Curve II). 

The calculation in this case is rather more difficult owing to the 
fact that the acid is only slightly dissociated, the salt produoed by 
the neutralisation depresses the dissociation of the acid, and the 
salt is hydrolysea. All three factors have to be taken into acoount 
in deriving a mathematical expression for the Pr at any given 
stage of the neutralisation. In the addition of an alkali to a weak 
acid, there will be a comparatively large effect on the pR at first, 
owing to the combination of the few hydrogen ions present with 
the added hydroxyl ions of the alkali, but the curve soon flattens 
out as the salt produced represses the ionisation of the acid. At 
the equivalence point there is a sudden rise, the sharpness of which 
will depend upon the degree of hydrolysis of the salt formed. The 
weaker the acid, the greater the hydrolysis, and the smaller the 
inflexion of the curve. For a very weak acid, the Pr changes 
gradually over the whole range. The titration curve is shown in 
Fig. 185 for the case of a moderately weak acid (II) and a very weak 
acid (III) and a strong base. 

These curves are of importance in connection with electrometric 
titrations (§287). It is clear that the sudden change of pr for a 
strong acid and a strong base indicates the end-point of the reaction. 
Methods of finding p n values are given in § 277 ; the one usually 
employed for this work is the e.m.f. method. It is obvious that the 
lack of a sudden change in pu in the case of a weak acid being 
neutralised by a strong base makes this method of little value in 
this instance. The curve for a weak base titrated with a strong 
acid is similar to the Curve II, but starts in the top left-hand corner 
and finishes at the bottom right-hand comer (Curve IV). 

286, Theory of Indicators. — An indicator is a substance which 
possesses one colour in acid solution and an entirely different one in 
alkaline solution, i.e., its colour changes with changing hydrogen ion 
concentration. It follows that it will be more sensitive the smaller 
the Pr range over which the colour changes. 

Ostwald’s theory of indicators (1891) supposed that the colour 
) change was due to ionisation. Indicators were supposed to be weak 
acids or weak bases. They dissolved to give small amounts of 
hydrogen or hydroxyl ions, and their degrees of ionisation were 
altered by changes in the concentration of these ions. It was 
assumed that in the non-ionised state the indicator had a different 
colour from that of its ions. 

Suppose that the indicator is a weak acid HX It dissociates in 
water according to the equation 

HX + X-. 
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Addition of hydrogen ions causes the reaction to go from right to 
left. The hydrogen ion is, of course, colourless, and so it must be 
the X” ion that is coloured. Let us see what happens in the case of 
methyl orange. Methyl orange was supposed by Ostwald to be a 
very weak base. In solution, therefore, there will be traces of 
hydroxyl ions and a cation. The undissociated substance is yellow ; 
the colour of the cation is red. The methyl orange dissociates as 
follows : — 

X.OH ^ X+ + OH”. 

Yellow. Rad. 

Addition of acid forces the ionisation towards the right, for the 
hydrogen ions combine with the hydroxyl ions to give the relatively 
little ionised water. This results in the further ionisation of the 
indicator, and the liquid is consequently red. On adding alkali, 
hydroxyl ions are added, which force the ionisation back to the left. 
Hence, the solution becomes yellow. 

Phenolphthalein may be supposed to act as a weak acid. It 
therefore dissociates as follows : — 

HPh ^ Ph” + H+. 

Red. 

The undissociated acid is colourless ; the Ph” ion is red. Addition 
of hydrogen ions, i.e., addition of acid, forces the dissociation back, 
and causes the formation of undissociated phenolphthalein which is 
colourless. Addition of OH” ions addition of alkali) causes 
diminution of the hydrogen ion concentration, and therefore further 
ionisation takes place. The colour is thus that of the Ph” ion, ».e., 
red. 

The fact that phenolphthalein cannot be satisfactorily used for 
the titration of ammonia or other weak bases is due to the hydrolysis 
of the salt formed between the ammonia and the indicator. Near the 
end-point of the titration there would be formed some NH 4 Ph, but 
hydrolysis prevents the formation of Ph” ions as shown in the 
equation 

NH 4 + + Ph- + H*0 ^ HPh + NH 4 OH. 

Hence, the solution remains colourless until a large excess of ammonia 
has been added. 

Methyl orange, being a weak base, is, in a similar way, unsuitable 
for the titration of a weak acid, but quite satisfactory for a weak base. 
This point is also brought out by a study of the titration ourves 
(Fig. 185) for a strong acid and a weak base, and a weak acid and a 
strong base. The indicator works only over a certain pn range 
(p. 576). This range may cover the addition of a large quantity of 
one of the reactants to the other. Thus, in Curve III, the pa changes 
from 5 to 8 during the addition of several o.c. of base, and an 
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indicator changing colour over this range would not give a satis- 
factory end-point. In Curve I, this p a change occurs with the 
addition of a few drops of base only* and hence an indicator changing 
colour over this range could be used satisfactorily. 

^ It is now generally regarded that the cause of the colour changes 
of indicators is a tautomeri c change in structure rather than ionisa- 
tion. It is supposed that an indicator solution consists of an 
equilibrium mixture of two or perhaps more tautomers, one of 
which exists in acid solution, the other in alkaline solution. At 
least one of the tautomers is a weak acid or a weak base. Phenol - 
phthalein is a “ pseudo -acid.* 1 Its salts have the same structure os 
the acid itself, whilst colourless phenolphthalcin is not an acid. 
The two forms of phenolphthalcin are 


y C 6 H 4 OH yC fl H 4 OH 

-C( Tautomeric. loni( , 

x c 6 h 4 oh ^ | Xh 4 o^2h+h 


yj 4 -c< 


C,H 
G’ H 


0 


C OH 


o—o- 


O 0 

Colourless. Jted. Hod. 

It can readily be understood how phenolphthalcin acts as an 
indicator. Let H 2 Ph be the colourless phenolphthalcin, 1 and H 2 Ph' 
the tautomeric coloured form. When sodium hydroxide is added* 
the salt Na 2 Ph' is formed, which is coloured, as the Ph~ “ ion is red* 
and the Na + ion is colourless. So long as the solution is acid* there 
is no formation of red ions, as the form H 2 Ph alone exists in the 
solution. 

It follows from the relationship between p l{ and dissociation 
constant of an acid (p. 550) 

Vn = logio £ + 'og jo 
that if a = 0-5, p n = log, 0 

When the indicator is half converted from the form existing in 
acidic to that in basic solutions [H + ] = K. This relationship is 
extremely useful, and is the basis of the determination of the Pn of 
a solution, whilst it may also be used for the determination of the 
degree of dissociation of an indicator. 

Table XCVIII gives the colour changes of a number of indicators 
and shows their working range. 


1 Phenolphthalein if probaWy a dibasic arid, an shown. 



m 


IONIC EQUILIBRIA 


Table XCVIII. — Indicators 

(Based upon the Table given in H. S. Taylor's if Treatise on Wiystoifl 
Chemistry/’ Macmillan, 1924) 


Indicator >h 



D 

n 


3 

6 

7 

8 


m 

in 

o 

is 

ol 

Tropaeolin 

S3 

m 

m 






■ 

■ 






Mauvein 

5555 

EE3 

EB 

m 

H 





■ 

■ 






Methyl Violet 

m 

S3J3 

Effl 

BB 

IBS 





■ 

■ 

■ 





Tropaelin 00 

r : mm 

m 

e 

m 

55 




■ 

■ 

9 





R1HEISS 

■ 


. 

l!il 

■1 

M 

■ 




i 





Methyl Red 




□ 

fl 

HI 

wish 

Pf 

■ 







Sodium Alizarin- 

SulpHonat* 



m 

Si 

II! 

5H 

Red 









Cochineal 

Y 

>llov\ 



■ 

a 

Lil 

»c 








Rosolic Acid 

■ 

■ 





^3 

ES 

a 







Litmus 

■ 

■ 



09 


m 

m 

5223 

H 






fflifiiis 

m 

■ 






51 

SB 

08 

PI 






B 

■ 







HE? 

ESS 

9 


Hi 

Hi 

i 


Thumol-phthaUin 

■ 

■ 







■ 

Si 

Hi 

19 




Alizarin blue 5 






m 

hC 

II 

ES 


Greer 



Si 

9 

Trinitrobenzene 













S' 

IS 

II 

Bm-mrpiifoL 













■ 

H 

a 


The choice of an indicator for any particular reaction depends 
largely upon the nature of the pn neutralisation curve (Pig. 185). In 
the titration of a strong acid with a strong base (Curve I), the point 
of exact equivalence is at p u 7, but the change from pn 4 to p E 10 and 
vice versd is brought about by the existence of as small a quantity as 
0- 1 c.c. of acid and base respectively in excess. Hence, any indicator 
changing in colour within the p E range 4 to 10 could be used without 
introducing serious error. Even if it changed at p H 4, the error 
would only be 0-1 c.c. Consider now the case of the titration of a 
weak acid by a strong base, e.g., acetic acid by sodium hydroxide. 
This is typified by Curve II. Actually, sodium acetate is hydro- 
lysed to a certain extent, and, when the p H of the solution is 7, the 
point of equivalence has not been reached. The pn of the solution 
of sodium acetate is nearly 9. The inflexion of the curve is not so 
sharp as in Curve I, so that if an indicator were chosen which 
changes, say, at pg 4 (e.g., methyl orange) , this would be considerably 
in error*. Owing to the broad inflexion, the ps limits for an error of 
0*1 o.o. on the acidic or basic aide are reduced to about 8 sad 10* 
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An indicator ohanging over this range (&.g., phenolphtha lein, 
changing at p H 9) would have to be used. For the titration of a 
weak base by a strong acid (Curve IV), the inflexion is broad, and, 
owing to hydrolysis, the point of equivalence will lie on the acid 
side. To secure an accuracy of 0'1 c.c. on either side, an indicator 
changing within the range p H 3 to 5 must be used. 

The following general rules .may be given : — 

For tha Tltntlon of Use. Which changes it 


Strong base and strong acid. 

Weak base and strong acid. 
Strong base and weak acid. 
Weak base and weak acid. 


Litmus, or practically 
any indicator. 

Methyl orange. 
Phenolphthalein. 

No indicator is really 
satisfactory. 


4 

8-9 


287. Electrometric Titrations. — If reference is made to the curves 
drawn in §§ 284 and 285, representing the p n changes which occur 
as a base is neutralised with an 
acid, it will be noted that there is 
a sudden change of p B ^t the 
neutralisation point, and that this 
will be more marked the stronger 
the acid or base used in the titra- 
tion. Thus, if a hydrogen elec- &***wky| 
trode (§ 277) were to be immersed 
in the liquid there would be a 
sudden change in the e.mi. at the 
points of inflexion in the curves. ^ 

Obviously, if the e.m.f . is measured, vaum of n*oh added 

and this can be done by means of a Fro. 186.— Curve for Electrometric 
potentiometer, it is possible to find Titration, 

the end-point very accurately. 

The method has several advantages over the ordinary indicator 
method.^ In the first place, the method can be used with coloured 
solutions where indicators would be useless, e.g. 9 in the titration of 
vinegar* Secondly, it is possible to make the method automation 
When the e.mi. reaches a certain value, a relay is brought into 
operation which stops the liquid from running from the burette. 
Electrometric methods are now used extensively for the investiga- 
tion of precipitation reactions as well as for neutralisation of an 
acid by a base. 

A similar type of titration ie the conductivity titration which 
depends upon the fact that the conductivity of a solution is depen- 
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dent upon the number of ions present and upon their mobility. 
Thus, when hydrochloric add is neutralised with sodium hydroxide, 
there are present first of all hydrogen ions and chlorine ions. Sinoe 
the hydrogen ion possesses the greatest mobility of any ion, it 
follows that the greater part of the conductivity will be due to it. 
As sodium hydroxide is added, sodium ions are introduced, but 
hydrogen ions are removed, and the solution at neutralisation 
contains only sodium and chlorine ions, and will have a considerably 
smaller conductivity than the original acid. Now, if a little sodium 
hydroxide is added after the neutralisation, there will be a small 
concentration of hydroxyl ions, and the conductivity will at once 
rise, since the hydroxyl ion has the second greatest mobility, Thus, 
if the conductivity is plotted against the quantity of sodium 
hydroxide added, a curve is obtained with a sudden break in it. 
The break occurs at the neutralisation point. 

The method has the advantages that it can be used with coloured 
solutions and will work where no indicator is found to be satis- 
factory. However, it is necessary to keep the temperature constant, 
and to have one of the constituents (that which is added) fairly 
concentrated, to avoid diluting the solution. 

288. Solubility Product. — If a solution of an electrolyte is in 
contact with the solid electrolyte, there are two simultaneous 
equilibria. The solid is in equilibrium with its solution, and the 
non-ionised electrolyte in equilibrium with its ions. Thus 

AB ^ AB ^ A+ B*. 

solid dissolved 

of the Law of Mass Action holds 


[A+HB-] 

[AB] 


K. 


But, if there is solid present, the concentration of the undissociated 
electrolyte is constant, since the undissociated electrolyte is in 
equilibrium with the solid, which has a constant active mass. 
Hence, the product of the ionio concentrations will be constant, 
and 

[A + J [B-] - a t 


Thiy product is called the solubility product. 

Note that we can only speak of a solubility product %/hen there 
is excess of solid electrolyte remaining over. The solubility product 
is not the ionic product under all conditions, but only when there is 
excess of solid over, i.e., when we are dealing with a saturated 
solution. 

288. Applications of the Concept of Solubility Product — The effect 
of an acid in dissolving a sparingly soluble salt was formerly regarded 
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as the turning out of a weaker acid by a stronger one. But, according 
to the ionic hypothesis, the hydrogen ions furnished by the stronger 
acid combine with the anions of the salt, forming the more or less 
undissociated weaker acid, thus reducing the number of anions. 
Hence, the solubility product of the sparingly soluble salt is not 
reached, and it goes into solution. Thus calcium oxalate dissolves 
in dilute hydrochloric aoid. If the salt is represented by CaOx, the 
solubility product is given by [Ca+ +1 [Ox" -] ■= S. If dilute 
hydrochloric acid is added, the hydrogen ions provided by the acid 
combine with the oxalate ions to give the little-ionised oxalic acid. 
Thus the concentration of oxalate ions is reduced, and the product 
[Ga + + ] [Ox ] is now less than S . Hence, the salt dissolves. 

If, on the other hand, a solution of calcium oxalate in water 
is taken, and a solution of oxalic acid, containing a sufficient 
concentration of oxalate ions is added, calcium oxalate will be 
precipitated, since the product [Ca+ +] [Ox" ~] = S will have been 
exceeded. Similarly, if a solution of calcium chloride is added, 
precipitation may occur. 

Summing up, for a substanoe AB, for which the solubility product 
is 8 , the solid salt can exist in equilibrium with its solution when 

[A 4 J [B~] = 8 ; 

when 

[A+][B ~]<S, 

the salt dissolves ; and when 

[A+] [B-] > S, 

the solution is supersaturated, and salt deposits. 

The solubility of the sulphides 1 in acids is governed by similar 
relationships. The solubility products of some of the metallio 
sulphides are given in the following Table. 


Table XCIX. — Solubility Products of Sulphides 


Sulphide. 

Solubility 

Product. 

Sulphide. 

Solubility 

Product. 

/ 

MnS (buff) . 

7 X 10“ # 

NiS . 

I0-*» 

FeS 

- i<r 1# 

PbS . 

4 x 10-** 

MnS (green) . 

6 x 10- M 

CdS . 

- io-“ 

T1.S 

5 x 10-* 4 

CuS . 

3 x 10- 4 * 

ZnS * • 

10-“ 

H*,S . 

10- 47 

CoS 

2 x 10- 17 

Ag,S . 

10-M 



HgS . 

3 x 10-* 4 


1 It ib only possible to give a simplified account here. For a fuller 
discussion of the question see A. J. Me#* “The Precipitation of Sulphides,” 
School Soimce Boviouf, June. 1937. 
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Zinc sulphide dissolves in dilute hydrochloric acid, but only 
slightly in dilute acetic acid, whilst manganous sulphide dissolves 
readily even in dilute acetic acid. This can be explained as follows : 
The manganous sulphide has a solubility product of 7 x 10“*. 
When dilute acetic acid is added, quite a small concentration of 
hydrogen ions is added, but these combine with sulphide ions to 
give the very little ionised hydrogen sulphide. Since the number 
of sulphide ions present is comparatively large (compared with 
other sulphides), the product of hydrogen and sulphide ion concen- 
trations is sufficient to exceed the solubility product of sulphuretted 
hydrogen, 1 and so the compound is produced. It may remain in 
solution, or may be partly given off as gas. In any case, sulphide 
ions are progressively removed from the solution, and all the 
manganous sulphide dissolves. 

The solubility product of zinc sulphide is 10" 24 . Here the 
solubility product is much smaller than that of manganous sulphide. 
The addition of dilute acetic acid is insufficient to provide hydrogen 
ions in great enough concentration to reach the solubility product 
of hydrogen sulphide, and so the sulphide does not dissolve in dilute 
acetio acid. A little of it will dissolve, but an equilibrium will 
rapidly be reached. Dilute hydrochloric acid, however, con- 
tains sufficient hydrogen ions to cause the solubility product of 
sulphuretted hydrogen to be reached, and hence the undissociated 
substance is formed and the sulphide dissolves. 

Mercury sulphide, with a solubility product of 3 X 10" 64 , cannot 
provide enough sulphide ions to exceed the solubility product of 
hydrogen sulphide, even if a very strong acid is used. Hence, it is 
insoluble in all acids. 

An alternative explanation is that, on addition of hydrochloric 
acid to mercuric sulphide, we have the equilibria 
HgS Hg+ + + S- 
8- - + 2H+ ^ H,S. 


1 Strictly speaking, hydrogen sulphide has not a solubility product in the 
sense of the definition given above. It is a weak dibasic acid which ionises in 
two Btages 

H,S ^ H+ + HS% 

8 --. 

The dissociation constants are (§271) : — * 


[H+][HS~] I-,. [H+)[8--] 

[HgS] 1U ' [HS-] 


10 " li . 


Hence, 


rims--] 

[H*S] 


10 -“. 


In a saturated solution of the gas at 25° C. (to which temperature the above 
figures refer) [HgS] « 0*1, ana hence [H‘ f ]* [S“ -] 10-“. This may 

regarded m the solubility product of hydrogen sulphide. 
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The maximum concentration of H+ that can be added will not 
reduce [S” “] so low that the solubility product of mercuric sulphide 
cannot be reached. 

The precipitation of sulphides is governed by similar considera- 
tions. It is known that the sulphide ion concentration in an Af/5 
solution of hydrochloric acid, saturated with the gas, is about 10" 22 . 
For precipitation to occur, the solubility product of the sulphide 
must be exceeded. Suppose the solutions of the metallic salts used 
are approximately if/10 ; then the concentration of metal ion in 
the solution must be about 0*1 when each molecule of salt gives one 
metal ion* Hence, the product [Metal] [S~ ~] in such a solution of a 
metallic salt in hydrochloric acid, saturated with hydrogen sulphide, 
is 10~ 22 X 0*1 = Those metals with sulphides of solubility 

product less than 10” 23 will be precipitated. Thus, cupric sulphide 
has the solubility product 3 X 10” 42 . This value is more than 
reached if a 01 M solution of cupric chloride in 0*2 M hydrochloric 
acid is treated with hydrogen sulphide. Indeed, the value of the 
product is then 10” 23 . Hence, cupric sulphide is precipitated. 
Certain metals lie on the border line. Cadmium sulphide has a 
solubility product about 10"*®. If the conditions outlined above 
hold, the sulphide will be precipitated on passing hydrogen sulphide 
through a solution of cadmium chloride in M /5 hydrochloric acid. 
If, however, the hydrochloric acid used is stronger, the value of 
[S~ “] in the solution is less (since [H+] a [S” “] must be constant), 
and the solubility product may not now reach 10* 28 , especially if the 
solution is weak in cadmium ions. Zinc sulphide has a solubility 
product of lO -24 . This is just on the border line. In aqueous 
solution, [H + ] a [S“ “] is 10 -23 , and it has been shown that [S“ “] 
is 10~ 1# . If hydrogen sulphide is passed through an Mj 10 aqueous 
solution of zinc sulphate, the product [Zn+ +] [S“ ~] would be 10~ w . 
This is greater than the solubility product of zinc sulphide, and 
hence zinc sulphide is precipitated. In J//5 hydrochloric acid 
[S“ ~] is 10”“. If Jf/100 zinc chloride in Jf/5 hydrochloric acid 
were to be treated with hydrogen sulphide, the product [Zn+ +] 
[S“ “] would be 10v*, and the sulphide would just be precipitated. 
In stronger acid solutions [S~ “] is less than 10~ 22 ; and so in 
solutions of zinc chloride of concentration less than about if/5 no 
precipitation occurs. If somp substance is present in the solution 
which can buffer it, e.g ., acetate ions, the hydrogen ions of the 
hydrochloric acid are removed as undissociated acetic acid, and so 
the value of [S~ -] will rise almost to that found in aqueous solution. 
Thus, in presence of sodium acetate, zinc sulphide is readily pre- 
cipitated. 

The concentration of sulphide ions in an Jf/10 ammonium 
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tulphide solution is 2 x 10“*. Nearly all sulphides have solubility 
nroducts considerably less than this, so they are precipitated, even 
rom very dilute solutions, by this reagent. 

, The use of a mixture of ammonium chloride and ammonium 
lydroxide to precipitate aluminium, iron and chromium in qualita- 
ive analysis is explained in this way. The hydroxides of the metals 
>f the ammonium sulphide and ammonium carbonate groups (and 
nagnesium) would be precipitated by ammonium hydroxide, the 
olubility product [M + ] [OH"]* «= 8 being exceeded, owing to the 
Lydroxyl ions being supplied by the ammonia. If, however, 
mmonium chloride is added to the ammonium hydroxide, its 
onisation is considerably repressed, since the concentration of 
mmonium ions has been increased, and [NH 4 + ] [OH"] must remain 
onstant. Thus, there is a great decrease in the concentration of 
Lydroxyl ions in the solution, and the solubility products of the 
lydroxides of the metals of the above groups and magnesium are 
iow not reached. 

The validity of the theory of solubility product has sometimes 
>een called in question. There seems no doubt that it holds 
iccurately, or fairly accurately, for sparingly soluble salts, but that 
or saturated solutions of substances whioh are moderately, or easily, 
oluble in water, there are considerable deviations. It has been 
ound, however, that the solubility product for a given substance is 
lot always constant. This is probably due to the fact that ions 
tdded to the saturated solution of a salt AB may exert some 
electrostatic effect on the ions A and B, making the solubility 
product either greater or less. The solubility product is more 
learly constant when pntivities are substituted for concentrations 
:§ id). 


SUMMARY 


The application of the Law of Mass Action to the equilibrium in a 
binary electrolyte leads to the result 


K - 


«*1 -«)' 


vhere v is the dilution and a the degree of dissociation. K is a constant 
sailed the “ dissociation constant. 1 ' The Law is known as the Ostwald 
Dilution Law. Many substances do not obey it, particularly strong 
electrolytes. Investigation of the reasons for the failure of the Law 
ed to the formulation of the theory of complete dissociation, which 
issumes strong electrolytes to be completely dissociated at all concen- 
trations, differences in conductivity being due to electrostatio inter- 
action between the ions. This theory leads to an equation identical in 
orm with that of Kohlrausch, tA, 

A, - A. -KC*. 

fhe hydrogen ion concentration of a solution is usually expressed as the 
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Pu — — [H + ]. In pur© water there is an equilibrium between 

hydrogen and hydroxyl ions, governed by the equation [H + ] [OH“] «■ 
*» 10 * u at 25° C. When a salt is dissolved in water, reaction takes 
place between the two substances, and the solution is usually acidic or 
alkaline. This is known as hydrolysis. The salt of a strong base and 
a weak acid will give an alkaline solution ; that of a strong acid and a 
weak base an acid solution. The degree of hydrolysis, h, is the fraction 
of the original salt hydrolysed, and the hydrolysis constant K h is given 

, [free base] [free acid] K . ,. .. 

by ■ ^ l ^^ r( ^ ro ]y ae( j j » “ le quantities m square brackets indicating 

concentrations. The degree of hydrolysis can ho determined by several 
methods, including (1) distribution method, (2) conductivity method, 

(3) colligative property method, (4) catalysis method, (5) e.m.f. method, 
and (6) the use of indicators. 

Buffer solutions, or solutions of reserve acidity or alkalinity, are 
prepared by mixing the sodium salt of a weak acid with the acid itself. 
Addition of [H + J to a buffer solution makes very little difference to 
the Ph< An indicator is a substance which exists in two tautomeric 
forms, one of which exists in acid, the other in alkaline solution. The 
two forms are differently coloured. The choice of an indicator for any 
given acidimetric titration depends upon the strength of the acid and 
base used. 

The solubility product of a salt is the ionic product in saturated 
solution. When this is exceeded, precipitation takes place ; when it is 
not reached, solution occurs. 

SUGGESTIONS FOR PRACTICAL WORK 

Experiment 30. — Carry out an electrometrio titration of sodium 
hydroxide by hydrochloric acid. 

Experiment 37. — Determine the degree of hydrolysis of aniline 
hydrochloride by the distribution method (p. 504). 

SUGGESTIONS FOR FURTHER READING 
Glasstone, S. “ The Electrochemistry of Solutions.” (Methuen, 
1930.) 

Mee, A. J. “ The Precipitation of Sulphides.” School Science Review, 
June, 1937. 

QUESTIONS 

(1) In what ways does the failure of OstwalcTs Dilution Law to 
explain the behaviour of strong electrolytes necessitate revision of 
Arrhenius' hypothesis ? 

(2) What is meant by the term “ degree of hydrolysis ” T How 
would you determine the degree of hydrolysis of aniline hydrochloride f 

(3) What methods are available for the quantitative determination 
of hydrolysis ? 

(4) How may the ionic product for water be determined ? Why is 
this an important figure ? 

(5) What do you mean by the term “solubility produot**! Show 
how the concept can be used to explain many of the processes of quali- 
tative analysis. 

(6) How would you attempt to verify the constancy of the solubility 
psoduct for silver chloride I 
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(7) Calculate the Pn at 25° C. of mixtures of 

(а) 164 c.c. N / 6 acetic acid and 36 c.c. N / 6 sodium acetate. 

(б) 69 c.c. N/6 acetic acid and 141 c.c. N/ 5 sodium acetate. 

(c) 9 c.c. jV/ 6 acetic acid and 191 c.c. N/6 sodium acetate. 

The dissociation constant of acetic acid at 26° C*is 1-8 x lCr 6 . 

(8) The variation of the dissociation constants of acetic acid (K a ) 
and ammonia (K b ), with temperature are given in the following Table : — 


Temp., °C. 

18° 

100- 

168° 

K„ . 

1-72 X 10-* 

1-36 X 10-* 

6-28 X 10-* 

K h 

1*83 X 10-* 

Ml x 10-* 

5-36 x 10-- 


Calculate the degree of hydrolysis of M / 10 solutions of ammonium 
acetate at 18° C. y 100° C. and 156° C. What effect has temperature on 
the degree of hydrolysis ? 

(9) From the data given in Question 8 V calculate the heat of ionisation 
of acetic acid and of ammonium hydroxide. 

(10) Williams and Soper ( J.C.S . , 1930, 2469) determined the 
hydrolysis constant of o-chloroaniline hydrochloride by the distribution 
method. The distribution coefficient of the free amine between water 
and benzene was first determined. 1,000 c.c. of water were used, and 
60 c.c. benzene (counted as 59 c.c. to make up for solution of benzene in 
the aqueous layer). The following were the results : — 

Wt. of It. Nil, put Id Wt. of R.NH, In 69 o.e. 
gme. Benzene, gme. 


2-6128 

3-0647 

1-3380 

1-2000 


2-293 

2-683 

T166 

1-053 


Calculate the distribution coefficient and obtain its mean value. In 
the second part of the experiment unequal amounts of hydrochloric 
acid and the amine were mixed in the aqueous layer (1,000 c.c.) and 
shaken with 60 c.c. benzene. Cj and c f are the total initial molar 
concentrations of hydrogen chloride and the amine respectively. 



®e* 

Wt. of RNH'Cl from 

60 e.c. Benzene, gme. 

0-01206 

0-01122 


0-02671 

0-02569 


0*02896 

0*02281 


0*01863 

0-01634 

■ mm 


Calculate the hydrolysis constant K k from each of these readings, and 
find its mean value. 

Assuming that K w at the temperature of the experiment (26° C.) is 
1*005 x 10~ u , calculate the dissociation constant of o-chloroaniline 
hydroxide. 
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4 ACIDS, BASES, AND SALTS 

290. Definition of an Acid. — The best definition of an acid is 
“ a compound containing hydrogen which can yield hydrogen ions 
(free or solvated) either by itself , or when dissolved in water” This is 
the best because roost of the reactions and properties which charac- 
terise an acid are due to hydrogen ions. It is obvious that here the 
acid salts are included as acids because they do, under ordinary 
circumstances, give hydrogen ions when dissolved in water. The 
classical definition of an acid as a substance which, when treated with 
a solution of an alkali, gives a salt and water only, still holds good. 
The latter is a delicate test for a substance yielding hydrogen ions. 
It excludes water but includes acid salts, amphoteric hydroxides, 
and pseudo-acids. 

291. Bases, and the Extended Theory- of Acids and Bases.— The 

classical definition of a base is “ a substance which will react with 
acids giving a salt , or a salt and water only” All bases which are 
soluble in water give rise to hydroxyl ions in aqueous solution. 

Hydroxyl ions very readily combine with hydrogen ions to form 
undissociated water. This has led to a rather extended definition 
of the term “ base ” as a “ substance that will combine with hydrogen 
ions .” 

Now, if we accept this definition, we are forced to the conclusion 
that water itself is a base, because we know that the hydrogen ion is 
very largely solvated in aqueous solution. The water has o^j||)>ined 
with the hydrogen ion. It is true that water does show certain 
basic powers. Thus, although water is a much weaker base than 
ammonia, it can compete with it for the proton, a fact which is shown 
by the partial hydrolysis of ammonium salts in aqueous solution 
right down to ammonia, thus : — 

NH 4 + + H 2 0 ^ NH S + H 3 0+. 

Extending the definition of a base to 'charged bodies, t.e., ions, the 
anions of all weak acids are bases, because they are not easily 
parted from the hydrogen ion. When a weak acid is dissolved in 
water, the ionic reaction taking place is 

HA + H t O ^ H a O+ + A- 

The anion, A“, is called the conjugate base of the weak acid HA. 
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892. Basicity of Acids. — It is difficult to give a precise definition 
of basicity. The best definition is “ the basicity of an acid is the 
number of hydrogen ions that can be formed from one molecule of the 
acid." Thus, acetic acid, although it contains four atoms of 
hydrogen, is monobasic, because one molecule of the acid furnishes 
only one hydrogen ion. It is true that it is possible for acetic acid 
to form two distinct potassium salts, CH 3 COOK and CH 3 COOK. 
CH 3 .COOH, but its general behaviour is that of a monobasic acid. 
Sulphuric acid, too, forms definite crystalline compounds with 
sodium hydroxide, of the formulae NaHgSgOg, NagHgSgOg, and 
Na 8 HS 2 0 8 , in addition to the usual NagSOg and NaHS0 4 . If the 
definition of basicity were taken as the number of distinct com- 
pounds that could be formed between the acid and sodium hydroxide, 
sulphuric acid would appear to be pentabasic. Actually, it is dibasic. 
The reason for the existence of the above compounds is that they 
are molecular compounds (p. 151). They may be written 
NaH s S 2 Og = NaHSCVHgSOg. 

Na 2 H 2 S 2 0 8 = NagSCVHgSCV 
Na 3 HS 2 0 8 =N a 2 S0 4 .NaHS0 4 . 

In solution these compounds break down into their constituents, 
giving NagSO^ NaHS0 4 and HgSC^ (before dissociation occurs). 
In solution the only compounds in the above list that can have 
individuality are NagS0 4 , NaHS0 4 , and HgSC^, so that actually 
only two true salts can be made with the acid and base. 

To determine the basicity of an acid, the usual method, where the 
molecular weight is unknown, is to see how many true salts can be 
formed from the acid and sodium or potassium hydroxide. 
Molecular compounds must be excluded. Thus, to determine the 
basicity of an acid, a given volume of it is taken, and exactly 
neutralised with sodium hydroxide solution, the volume required 
being noted. The solution of the salt obtained is evaporated to 
crystallisation, and the characteristics of the crystals are noted. 
Now, the same volume of acid as was used previously is taken, and 
only half the caustic soda used before is added, thus half neutralising 
the acid. Different crystals may be obtained on evaporating this 
solution to crystallisation. Other fractions, or multiples, of the 
volume of sodium hydroxide used should be tried, according to the 
suspected basicity. 

If the molecular weight of the acid is known, its basicity can 
usually be found by direct. titration with sodium hydroxide of known 
strength. Thus for every molecular weight of the acid we shall 
use up 40 gms. of caustic soda if it is monobaaio, 80 gms. if it is 
dibasio, and, in general, 40 n gms. if it is a-basio. This method can 
be used if a suitable indicator can be found. Actually, the stage of 
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formation of the normal salts of most tribasic aoids is beyond the 
range of all indicators. 

Another useful method which has yielded some interesting 
results is the thermal method. The molecular weight of the acid 
must be known If a monobasic acid is taken, say hydrochloric 
acid, and it is exactly neutralised with sodium hydroxide, a certain 
amount of heat is liberated — the heat of neutralisation — which is 
approximately constant for all monobasic acids of reasonable 
strength, and amounts to about 13,700 gm.-cals. per gm.-mol. If, 
now, we take one molecular weight of a dibasic acid, and add one 
molecular weight of caustic soda, a certain amount of heat will be 
evolved, corresponding to the formation of the acid salt, and if we 
now again add the same quantity of sodium hydroxide, more heat will 
be given out, the normal salt being formed, further addition of 
sodium hydroxide does not result in the liberation of any more 
heat, as the heat of neutralisation is practically independent of 
dilution. If an acid is tribasic, the effect of adding to one gm.-mol. 
of it three separate portions of one gm.-mol. each of sodium 
hydroxide will be the liberation of three separate amounts of heat. 
E\irther addition of the base merely dilutes the salt formed, and the 
heat of dilution is negligible if the solution is already dilute. 

The results of this method, of course, apply only to acids in 
solution, and they are likely to be complicated by hydrolysis. 
Thus the solution of hydrogen sulphide in water, known as hydro- 
sulphuric acid, appears to be monobasic. When one gram-molecule 
of hydroeulphuric acid is mixed with one gram-molecule of sodium 
hydroxide, both in dilute solution, the heat liberated is 7,740 
gm.-cals. If a further gram -molecule of sodium hydroxide is added, 
there is practically no heat evolved, whereas, if the acid were 
dibasic, as expected, there should be a further quantity given off. 
The reason for the apparent monobasicity of this acid is that 
hydrolysis occurs and that Na^S cannot exist in dilute solution. 

Na 2 S + H.OH « NaSH + NaOH. 

A classical example of the use of this method was in the investiga- 
tion of the basicity of periodic acid. If periodic acid is titrated 
against strong bases, it is monobasic when methyl orange is used 
as indicator, but dibasic with thymolphtbalein. The formula of 
the acid is regarded as HI0 4 , or H 6 I0 6 (HI0 4 , 2H 2 0). Thus, 
when chlorine acts on potassium iodate in the presence of caustic 
potash, a salt is formed with the formula K10 4 , whereas similar 
treatment of the sodium compound gives Na 8 H a IO f . Thomsen 
found the amount of heat evolved when a given weight of the acid 
(taken for these experim e nts as H f IO i , though the molecular 
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weight was unknown) was neutralised with caustic potash, and 
found the following values : — 

H 5 I0 6 + KOH . . 5,150 gm.-cals. 

H 5 IO e + 2KOH . . 26,590 

H 0 IO e + 3KOH . . 29,740 

The figures refer to the total amount of heat evolved. 

Thus, there is very little further heat evolved when the third 
gm.-mol. of caustic potash is added. The data would indicate, then, 
that the acid is dibasic, and the formula was written H 2 (H 3 I0 6 ). 
Moreover, the figures show that much more heat is given out on 
addition of the second gm.-mol. than on addition of the first. To 
explain this, it was assumed that the salt KH(H 8 I0 6 ), which would 
be formed on the first addition, was unstable and lost water, becoming 
KI0 4 , and that the low value is due to the heat used up in this 
breakdown. The second addition results in the formation of 
K 2 (H 3 I0 6 ), water being again taken up. The fact that periodic acid 
is dibasic has recently been confirmed by Rae (J.CJS., 1931, 876) by 
conductometric titration (§ 287). 

Ostwald discovered the empirical rule that for the sodium salt of a 
monobasic acid the difference between the equivalent conductivity 
at a dilution of 32 litres, and at 1,024 litres, was about 10 units ; 
for the sodium salt of a dibasic acid it was 20 units ; for the sodium 
salt of a tribasic acid 30 units, and so on. The law was tested with 
pyridine mono-, di-, tri-, tetra- and penta-carboxylie acids for 
which the differences of the equivalent conductivity of the sodium 
salts at dilutions of 32 and 1,024 litres were 10-4, 19*8, 31-0, 40-4, 
and 50*1 respectively. 

The application of this method to hydrofluoric acid is interesting. 
The difference in the equivalent conductivity of sodium fluoride at 
dilutions of 32 and 1,024 litres is 20*8, thus indicating that the acid 
is dibasic, a conclusion supported by many other facts. 

It has been shown that as a rule only polybasic acids can break 
down on heating into an anhydride and water (iodic acid is an 
exception, 2HI0 3 — > H a O + I 2 0 6 on heating to 240° C.), whereas 
the monobasic acids have to be more drastically treated to obtain 
the anhydride. Thus succinic acid readily yields an anhydride, 
merely by heating, whereas acetic acid has to be converted into 
sodium acetate, and this has to be distilled with acetyl chloride to 
form acetic anhydride. This method is sometimes useful in deter- 
mining whether an acid is monobasic. 

^ 293 . Strengths of Acids. — Acids vary a good deal in their possession 

of acidic properties. If asked to classify acids according to their 
strengths, we should probably think at once that the acid that was 
most corrosive was strongest. This view, however, is entirely 
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erroneous. Very little information can be obtained about the 
relative strengths of acids by comparing the rates with which they 
react with metals. Experiments of this kind can be carried out, but 
they do not give oorrect results. Our general ideas on the stengths 
of acids deduced from their corrosive powers would lead us to believe 
that sulphuric acid was a stronger acid than hydrochloric, and our 
views would be confirmed by the fact that sulphuric acid will 
displace hydrochloric acid from common salt. But then, we have 
to take into account that phosphoric acid will displace hydrochloric 
acid from common salt too. Can phosphoric acid 1)6 stronger 
than hydrochloric acid ? Moreover, hydrochloric acid will displace 
sulphuric acid from sodium sulphate if excess of strong hydrochloric 
acid is added to a saturated solution of sodium sulphate; It is clear 
that values for the relative strengths of acids cannot be based on 
experiments such as these. The reason why hydrogen chloride is 
turned out of common salt by the acids like sulphuric and phosphoric 
is because it is so volatile compared with them. Actually, when 
sulphuric acid is added to common salt, a reversible reaction takes 
place : — 

NaCl + H 2 S0 4 ^ NaHS0 4 + HC1, 
and if the system were not heated the reaction would be predomin- 
antly towards the left. When the system is heated, however, 
hydrogen chloride is removed because it is so volatile, and, con- 
sequently, the reaction proceeds towards the right-hand side of the 
equation. Note that it is not because sulphuric acid is any stronger 
than hydrochloric ; indeed, the reverse is the case. The reaction is 
just a consequence of the Law of Mass Action. 

It is obvious that a reaction such as the above, where the equili> 
brium is altered , cannot be used to decide the strength of an acid. 
However, if the position of the equilibrium in the initial reaction 
given, viz., 

NaCl + H 2 S0 4 NaHSO, + HC1, 

could be judged, the information gained would show how far 
sulphuric acid is capable of turning out hydrochloric acid from its 
combination with sodium hydroxide, and hence how strong the 
acid is. It must be noted that the equilibrium must not be disturbed 
(as it was when the system was heated). 

The problem is, then, to find how a base distributes itself between 
two acids. If a quantity of base insufficient to neutralise a mixture 
of two acids is taken, it will obviously combine to a greater extent 
with the stronger of the two acids, and to a lesser extent with the 
weaker. Physical methods will have to be used to study the 
equilibrium, as any chemical methods will disturb it. 
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A method of solving the problem was found in the determination 
of the volume change which takes place when a base distributes 
itself between the acids. Let us take the case of the determination 
of the relative strengths of nitric and dichloracetic acids by this 
method. If we mix one equivalent of nitric acid with one of 
dichloracetic and then add one equivalent of caustic potash, the 
base will distribute itself between the two acids according to their 
strengths, or, to use an older term, their “ avidities ” for the base. 
We thus have to find the position of the equilibrium in the reaction 
CHCl a COOK + HN0 3 ^ KNO a + CHC1 2 C00H. 

It is found that when one gm.-mol. of caustic potash is neutralised 
by one gm.-mol. of nitric acid, both in dilute solution, there is an 
increase in volume of 20 c.c. 

When, however, one gm.-mol. of caustic potash is neutralised by 
one gm.-mol. of dichloracetic acid, again in dilute solution, there is 
an increase in volume of 13 c.c. 

If now the above reaction went all the way to the right, there 
would be a net increase in volume of 20 — 13 = 7 c.c. 

Actually, when the reaction is carried out, the increase in volume 
is 5*67 c.c. Hence, the reaction has gone from left to right to the 
extent of 5*67/7 x 100 per cent. = 81 per cent. 

Thus, the nitric acid has taken about 80 per cent, of the base, and 
the dichloracetic acid 20 per cent. We can therefore conclude that 
nitric acid is four times as strong as dichloracetic. j 

The observation of any physical change taking place on neutralisa- 
tion will serve the purpose just as well. The amount of heat 
evolved when a base is allowed to act upon an excess of mixed acids 
has been used. Thus, to find the relative strengths of sulphuric and 
hydrochloric acids in dilute solution, the heats of neutralisation of 
sulphuric and hydrochloric acids separately must be known, and the 
amount of heat liberated when one equivalent of caustic soda is 
added to a mixture of one equivalent of each of the acids must be 
determined. Thus the heat of neutralisation of hydrochloric acid 
by sodium hydroxide is 13,700 gm.-cals., whilst that of sulphuric 
acid is 15,700 gm.-cals. Consider the reaction 

KC1 + JH^O, ^ $K 2 S0 4 + HQ. 

If it were to go entirely to the right there would be an evolution of 
heat of 2,000 gm.-cals. according to Hess's Law. Actually, however, 
only 700 gm.-cals. are evolved, so that when equilibrium is attained 
the reaction has only gone to the right to the extent of 700/2,000 — 
0*35. The relative avidities of the acids must be 0*65/0*35 — 100/54. 
If hydrochloric acid is taken as 100, the strength of sulphuric acid 
will be 54. 
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Other physical changes can be used for this purpose. For 
example, Ostwald used the small changes in refractive index on 
neutralisation to determine the relative strengths of acids. The 
method of calculation is similar to the above. 

It is found that acids catalyse the saponification of esters, and the 
inversion of cane-sugar. This is not, however, an ordinary case of 
catalysis, for the rate of reaction is dependent upon the quantity of 
acid present and upon its strength. As a matter of fact, the 
reaction is very complicated, and will be discussed in greater detail 
later (pp. 595, 708). When cane-sugar is acted upon by a dilute acid, 
hydrolysis takes place, and a mixture of glucose and fructose in 
equivalent amounts is formed. 

4" H a O = C 6 H 12 0 6 + C 6 H 12 O a . 

cane-sugar. glucose. fructose. 

Cane-sugar is dextro-rotatory, but the mixture of glucose and 
fructose has a resultant kevo-rotation. Hence, the course of the 
reaction can be conveniently followed by noting the change in 
rotation. A solution of cane-sugar (say 15 or 20 per cent.) is mixed 
with an equal volume of the acid, the strength of which is to be 
measured, which should be in normal solution. The mixture is put 
into the polarimeter tube, maintained at a constant temperature, 
and the rotation is noted at given times. The tube is allowed to 
stand for some time until the reaction is complete, and the final 
reading is taken. Tbe reaction is pseudo-unimolecular, so that the 
unimolecular equation holds (§ 163). If r 0 is the initial rotation, 
r n the rotation at time t ni and the final rotation, the velocity 
constant k is given by 



The experiment is now repeated using another acid. Tbe order of 
the velocity constants obtained for a series of different acids gives 
the order of their strengths. 

To determine the strengths of acids using the method of ester 
catalysis, it is most convenient to use methyl acetate as the ester, as 
it is fairly rapidly hydrolysed at room temperatures. Adds of Nj jS 
strength may be used. Suppose we are dealing with hydrochloric 
acid. 100 C.c. of the N/2 acid are taken, and placed in a corked 
flask in a thermostat. After half an hour, 5 c.c. of methyl acetate 
are added, and the time noted. Immediately, 5 c.e. of the mixture 
are withdrawn and run into 20 c.c. of distilled water. The mixture 
is then titrated with N / 10 caustic soda, or baryta, using phenol- 
phthalein as indicator. This procedure is repeated at intervals of 
about ten minutes, the time of withdrawal being always noted. To 
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obtain the final reading, the flask is left for two days in the thermo- 
stat and then the liquid is titrated as before. The reaction may be 
regarded as unimolecular with respect to the methyl acetate, since 
the hydrochloric acid is taken in such great excess. If t 0 is the 
initial titre, t a the titre after time a, and t * the Anal tifcre, the 
velocity constant is given by 




2-303 

a 



As before, the experiment is repeated with another acid, and the 
order of the values of k given by a series of acids is the order of their 
strengths. 

Arrhenius noticed in 1884 that the order of the strengths of acids 
obtained by the above methods was the same as the order of their 
electrical conductivity in equivalent solution, and, indeed, there is 
fair quantitative agreement between the values obtained by the 
different methods. The following Table shows this. 


Table C. — Strengths of Acids 


Add. 

Method. 

Thermochem. 

Sugar 

Inversion. 

Ester 

Catalysis. 

Conductivity. 

Hydroehlorio 


100 

100 

100 

Nitric 


100 

91-5 

99-6 

Sulphuric . 

49 

53 

54-7 

65-1 

Oxalic 

24 

18-6 

17-4 

19-7 

Orthophosphoric 

13 

6-2 

— 

7-3 

Monochloracetic 

9 

4-8 

4-3 

4-9 

Tartaric . 

6 


2-3 

2-3 

Acetic 

3 

0-4 

0-35 

0*4 


From this, it is very probable that the strength of an acid is in 
some way bound up with its electrical conductivity. Now, in the 
case of an acid, HX, the conductivity is due both to the hydrogen 
ions and the anions, X. N But the mobility of the hydrogen ion is 
considerably greater than that of any anion, and hence we can say 
that the conductivity is very roughly proportional to the hydrogen 
ion concentration. An acid, like hydrochloric acid, owes the 
greater part of its conductivity to the hydrogen ions. Hence, it 
was supposed that the strength of an acid was measured by the 
hydrogen ion concentration in its solution. An acid which was 
almost completely dissociated at moderate dilutions would be a 
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strong acid, whereas one like aoetic acid, which still had a good 
proportion of undissociated molecules even at a dilution of N/ 20, 
was weak. Many of the methods described above for the determina- 
tion of the strengths of acids are merely methods for determining 
hydrogen ion concentration. Thus, the inversion of cane-sugar, 
and the hydrolysis of methyl acetate, are catalysed by hydrogen ions, 
and by measuring the rates of these reactions we are merely measuring 
the hydrogen ion concentration in the solution. 

It is obvious that any of the methods of determining hydrogen ion 
concentration, described in § 277, will suffice for the determination 
of the strength of an acid if this theory is correct. The value of the 
dissociation constant K (§ 271) of the acid will be a good index of the 
strength of an acid. 

A point to be noted is that, if the strength of an acid is measured 
by the concentration of hydrogen ions in its solution, the strengths 
of all acids tend to become the same as the solutions are progressively 
diluted. At infinite dilution, all acids would be completely ionised, 
and their strengths would then be the same. The apparent paradox 
that an acid gets stronger as it is diluted is explained in this way. 
It should also be noted that the strengths of acids should be com- 
pared in every case in solutions of the same normality. This applies 
to all methods of determining the strength. Otherwise, of course, 
anomalous results would be obtained. 

Similarly, it has been proposed to measure the strength of a base 
by the hydroxyl ion concentration of its solution. The Table below 
gives the degree of dissociation (a measure of the hydroxyl ion 
concentration) of several bases in N/2 and N/lflOO solution. 


Table Cl. — D egree of Dissociation of Bases 


Potassium hydroxide, KOH . 

Sodium hydroxide, NaOH 
Barium hydroxide, Ba(OH) t . 

Methylamroonium hydroxide, CH,NH t OH 
Ammonium hydroxide, NH 4 OH 
Aniiinium hydroxide, C 6 H 6 NH,OH . 


N/2. 

N/1,000. 

Relative 
Strength la 
N/1.000 
solution. 

0*826 

IBM 

100 

0*795 


98 

0*90 


99 

(N/ 10) 
0*313 


51 

0*0068 

0*141 

14 

0-000030 

HUH 

0*068 


These figures have been arrived at from conductivity measurements. 

It will be seen that there are two well-defined classes — the strong 
and the weak bases respectively. 
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. 494. Hydration of the Hydrogen Ion, and Modification of the 
Hydrogen Ion Theory of Strengths of Acids. — Although we have 
stated that it was proposed to measure the strength of an acid by 
the concentration of hydrogen ions produced in its aqueous solution 
(if we are dealing with aqueous solutions of acids), this statement 
requires some qualification. In the presence of water, the hydrogen 
ion is invariably solvated, and carries about with it a certain 
quantity of water. The amount of this has been variously stated, 
but we may take the simplest case and say that the hydrogen ion 
travels about accompanied by one water molecule. Actually, then, 
we are not dealing with hydrogen ions themselves, but with ions of 
the formula [H„0] + , 

That hydrogen ions are solvated in aqueous solution can be 
shown by several methods. In the first place, transference experi- 
ments indicate that the hydrogen ion must be solvated. Washburn 
carried out transport-number experiments in which a non -electrolyte 
such as sugar (raffinose) was dissolved in the solution of the acid 
used in the electrolysis. On passing the current, the sugar, of 
course, did not move, and yet it was found after the experiment 
that the concentration of sugar was greater round one electrode 
than the other, because unequal quantities of water had been 
carried by the anion and by the cation. The work of Washburn 
has since received confirmation from the experiments of Taylor and 
Sawyer, who used urea as a reference substance instead of raffinose. 
Experiments of this kind show that nearly all ions are hydrated. 

Goldschmidt carried out experiments on the conductivity of 
dilute solutions of hydrogen chloride in alcohol, and the effect of 
addition of water to these solutions. He found that the addition 
of a small amount of water was sufficient to decrease the inductivity 
considerably, and that this decrease could not be accounted for by 
any increase in the viscosity of the alcohol, or alteration of the 
dielectric constant. It must theiefore be due to an increase in size 
of the ions, thus decreasing their mobility. This could readily be 
brought about by the taking up of water molecules, and a small 
amount of water would be sufficient to supply the necessary 
molecules. 

Other reasons of a theoretical nature can readily be given for the 
hydration of the hydrogen ion. We know that, for a substance to 
ionise, it must be an electrovalent compound, whereas many acids 
in the pure state do not conduct, and are covalent compounds. 
Thus, hydrogen chloride in the liquid state, or in the state of dry 
gas, is covalent. Now water is both a donor and an acceptor (p. 162). , 
The oxygen can act as donor, and the hydrogen as acceptor. The ' 
oxygen gives two electrons to the hydrogen of the hydrogen chloride. 
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which is then capable of ionisation, the hydrogen ion, however, 
being hydrated : — 



It is obvious, too, that the hydrogen ion will be a more powerful 
acceptor than the hydrogen atom, and hence it will tend to co- 
ordinate with water, since the hydrogen atom itself will act as an 
acceptor in the association of water. 

It is also to be noted that many acids in the anhydrous state 
possess a great affinity for water, e.g. t sulphuric acid. This may be 
due to the ease with which the hydrogen ion can be solvated. 

There are thus several reasons for believing that the hydrogen ion 
does pot exist in aqueous solutions unaccompanied by an atmosphere 
of water, which it carries with it. What we have previously said 
about the strength of an acid being due to the concentration of 
hydrogen ions in the solution, is, therefore, not quite correct, for the 
ions are hydrated. Actually, the solution of a strong monobasic 
acid in water is represented by the equilibrium 

HA + H 2 0 ^ H 3 0+ + A'. 

Wherever hydrogen ion concentration in aqueous solution is 
referred to, it' must be understood that the H 8 0 + ion concentration 
is meant. As it is customary to use the term “ hydrogen ion 
concentration,” this nomenclature will be adhered to, although it is 
more accurate to write " hydroxonium ion concentration.” 

Although the initial work on strengths of acids indicated that it 
was largely the presence of the hydrogen ion that accounted for 
acidic properties, more recent work seems to show that the un- 
dissociated molecule itself, as well as the anions and hydrogen ions, 
hydrated or otherwise, must be considered as partly responsible for 
them. It was largely owing to the work of Arrhenius that the 
hydrogen ion view was put forward. As has already been stated, he 
showed that the order given by thermochemica) and other methods, 
which were considered to indicate the strength of an acid, agreed 
with the order of their conductivity. From this it was argued that 
the oonoentration of hydrogen ions was the important thing in this 
connection. In 1890 Arrhenius carried out some experiments on 
the rate of inversion of cane-sugar by weak acids in the presence of 
their salts, and the results supported the hydrogen ion theory 
completely. Nine years later, however, Arrhenius found that the 
rate of inversion of cane-sugar was greatly increased if the neutral 
salt of a strong acid were added. The only way in which he could 
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explain this observation was to suppose that the dissociation 
constants of the acids were in some way increased by the presence 
of the neutral salts. This view was accepted for some time, during 
which it was shown that the undissociated molecule might be 
catalytically active ; in some cases even more so than the hydrogen 
ion itself. So the “ dual theory ” of acid catalysis originated, 
which argued that both the undissociated molecule and the hydrogen 
ions were active. The evidence for this was largely supplied by 
Goldschmidt, who showed that even in the presence of enough salt 
to reduce the ionisation of the acid practically to zero there is still a 
measurable catalytic effect. We can, therefore, say that the 
catalytic effect is shown by hydrogen ions, anions, undissociated 
molecules of weak acids, and by water molecules themselves, and it 
has also been shown that hydroxyl ions will catalyse the reaction. 
Thus, all substances, on the new definitions (§ 291), which are 
capable of acting as acids or as bases will catalyse the inversion of 
cane-sugar and many other organic reactions. 

This can, in part, be explained by considering the reaction 
mechanism of this type of catalysis. This has been done in the case 
of the iodination of acetone by Dawson and his collaborators. The 
acetone is supposed first to combine with hydrogen ions giving an 
enolic substance, which splits off a hydrogen ion and becomes the 
enolic form of acetone. This is unsaturated, and can obviously 
react very readily with iodine. 


CH, — C — CH S + H+- 
II 

o 



OH 


►CHj— C — OH 2 ~f* H+ 

in 


It is clear that what is wanted to catalyse this reaction is something 
that can supply and removo hydrogen ions, i.e , an acid and a base. 
In aqueous solutions of acids it is thought that the water acts as the 
necessary base. 

This view is also supported by the work of Lowry on the muta- 
rotation of glucose in non-aqueous solutions, a-glucose itself is 
insoluble in organic liquids, and so tetramethyl glucose was used 
instead. In pyridine, a base, or in cresol, an acid, the rate of 
mut&rotation was very much less than in water, but in a mixture 
of the two solvents the mutarotation was much greater than in 
water. Obviously, then, both base and acid were needed. 

If the strength of an acid is to be measured by its catalytic effect, 
it is obvious, since the hydrogen ions themselves are not the only 
active catalytic agents, that the strength of the acid cannot be baaed 
on hydrogen ion concentration alone. 

Confirmation of this view has come from rather unexpected 
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sources. As far back as 1002 it had been suggested by Kahlenberg 
that the corrosive power of acids as regards metals might depend 
upon the undissociated acid molecules as well as upon hydrogen ions. 
This view was arrived at from experiments on the solution of metals 
in hydrogen chloride in benzene. Recently Bronsted and Ross Kane 
found the -ate of solution of sodium amalgam in solutions buffered 
with a weak acid and one of its salts, so that the pn of the solution 
remained constant. It was found that although the hydrogen ion 
concentration remained constant on dilution, the rate of reaction 
decreased with decrease in concentration of undissociated acid. 
It seems therefore that the sodium atom reacts directly with the 
undissociated acid molecule. 

The effect of this work on the definition of the strength of an acid 
will depend upon what view is taken of the definition. If tho 
strength of an acid is defined as being proportional to the apparent 
hydrogen ion concentration in its solution, or to the dissociation 
constant K , the new work cannot affect the question. What has 
been shown is that typical acidic properties, such as corrosive power 
and catalytic activity, depend not only upon hydrogen ion concen- 
tration, but are complex functions of the concentrations of many 
molecular species. If, therefore, the term “ strength ” is adequately 
to cover acidic properties, the definition needs to be extended. 

295. The Action of Water on Acids.— Many acids lose their acidic 
properties in the anhydrous state. It will be remembered that 
statements such as the following about hydrochloric acid gas 
frequently appear in text-books of inorganic chemistry : “ The liquid 
gas will not turn litmus paper red, and will not combine with 
ammonia. Also, it will not dissolve calcium carbonate.” Obviously, 
then, the presence of water makes a great deal of difference to the 
properties of an acid. 

In some cases the reactions of acids are entirely altered according 
to whether there is water present or not. Thus nitric acid acts as a 
nitrating agent in the absence of water, or the presence of small 
quantities of water, tending to break up as shown 

HNO, ► OH + NO,. 

Substances, such as an aromatic hydrocarbon, which can supply 
hydrogen with which the OH group can combine to form water, are 
readily acted upon, and nitro-derivatives formed. 

C e H, + HNO, - C e H 6 N0, + H,0. 

If much water is present, however, this reaction is not observed, 1 and, 

1 A few aromatic substances, such as phenol, are nitrated bv comparatively 
dilute nitric acid (1 s 3). This seems to poiat to incomplete dissociation into 
ions at this concentration. 
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instead, ionisation occurs, and the acid acts as a salt-producing 
substance, this property being masked, however, to a oertain extent 
by its oxidising powers. 

Very much the same thing is observed with strong sulphuric acid, 
which acts as a sulphonating agent when a suitable substance 
containing hydrogen is presented to it. 

HfiOt > HS0 8 + OH. 

The acid in this case tends to form water. Thus, with benzene, 
benzene sulphonic acid is produced : — 

C 6 H fl + H 2 S0 4 = C e H 6 HS0 3 + H 2 0. 

With much water, however, ionisation occurs, and the acid no 
longer acts as a sulphonating agent. 

Nitrous acid also shows the power to split off a OH group, particu- 
larly in organic reactions, when nitroso compounds are formed. 

Perchloric acid shows a remarkable change in properties when 
water is added to it. Anhydrous perchloric acid is a substance that 
is difficult to handle, because it is such a powerful oxidising agent, 
and is liable to spontaneous explosion. When water is added, 
however, it becomes perfectly safe, and is, in fact, difficult to reduce. 
Metals will liberate hydrogen from dilute perchloric acid in the cold. 
The acid is completely dissociated in aqueous solution, and may be 
regarded as the strongest of acids, since its salts are very rarely 
hydrolysed in aqueous solution. Thus, it is possible to obtain 
aluminium perchlorate from solution by evaporation, whereas this 
method fails even for aluminium chloride. 

These examples are sufficient to show that water exerts a remark- 
able influence in determining acidic properties, and it may be said 
that this effect is due to the ionisation brought about by the addition 
of water. ' 

286, The Effect of the Solvent on the Properties of the Solute. — The 
acidity or alkalinity of a substance will obviously depend upon the 
nature of the solvent. Ordinary inorganic chemistry is bo fre- 
quently the study of the properties of substances in contact with 
water that it is forgotten that these properties may be considerably 
altered in any other medium. Thus, a substance is classified as a 
base ; it may behave quite differently in another solvent. Thus, 
a basic solvent is a good ionising solvent for a weak acid, because 
the base itself tends to combine with hydrogen ions. Acetic acid, 
although weak in water, is a strong acid in liquid ammonia. On 
the other hand, an acidic solvent is a good ionising solvent for a weak 
base. Oonant and Hall showed that benzamide, which is such a 
weak base in aqueous solution that the hydroxyl ion concentration 
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tould not be measured, is quite a strong base in glacial aoetio acid, 
in which it could actually be titrated potentiometrically with 
perchloric acid. A study of anhydrous formic acid as a solvent led 
Hammett and Dietz to a similar conclusion as regards urea. It is 
an exceedingly weak base in aqueous solution, its salts being almost 
completely hydrolysed, and yet it is a strong base in anhydrous 
formic acid. 

Another striking result is that nitric acid, regarded as the strongest 
acid in aqueous solution, is a weak acid in methyl alcohol or ethyl 
alcohol (Hartley and Murray-Rust). 

297. Liquid Ammonia as a Solvent. — Ammonia is a donor molecule 

H 

V . 

:N;H 

• X 

H 

It might therefore be expected to behave to a certain extent like 
water. Experiments on ammonia as a solvent show that in many 
ways it does behave like water. It is an ionising solvent, a property 
it owes largely to its fairly high dielectric constant (22). Liquid 
ammonia in the complete absence of water is a very poor conductor, 
just as water is in the absence of salts^ * It does, however, conduct a 
little, and the ions present must be NH 4 + and NH“ 2 , which have 
been formed by the dissociation of an ammonia molecule into a 
h) drogen ion and an NH~ 2 ion, and the combination of the hydrogen 
with another NH 3 molecule. This corresponds to the case of water 
where the two ions are H+ and OH”, but the hydrogen ion attaches 
itself to water and forms the H 3 0 + ion. There are many other 
points in which ammonia resembles water. It has a high specific 
heat, it is an associated liquid, and it forms molecular complexes 
analogous to the hydrates. 

Many salts will dissolve in liquid ammonia, and the solution is 
then found to be conducting. Indeed, the conductivity of a salt 
solution in liquid ammonia is usually greater than that of an aqueous 
solution of the same salt. This is due to the lower viscosity of the 
liquid ammonia. Certain substances may be classified into 
M ammono-acida,” and “ ammono-bases ” on analogy with aqueous 
solutions. The dissociation of liquid ammonia takes place according' 
to the equation 

NH 3 > NHj“ + H+ (+ NH, \. 

I * NH// 

Compare this with water 

H,0 *• OH” + H+ /+ H,0 
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and we see that the basic ion is the NH 2 ~ and the acidic ion NH 4 + . 
An ammono-acid is one which gives NH 4 + ions in liquid ammonia 
solution, whilst an ammono-base is one which gives NH a “ ions in 
liquid ammonia. The dissociation of liquid ammonia is small, and 
so an ammono-acid and an ammono-base cannot exist together in 
liquid ammonia solution, for they will combine to give the more or 
less undissociated ammonia. This is strictly analogous to the 
neutralisation of an acid by a base in aqueous solution. To give an 
example, an ammono-base is sodamide, whilst an ammono-acid is 
acetamide. These two will neutralise each other in liquid ammonia 
solution as follows : — 

CH3CONH.H + NaNH 2 = CH 8 CO.NHNa + NH a , 
or, ionically, 

(H+ + NH S ) + NH r > 2NH # . . 

A process similar to hydrolysis in the case of aqueous solutions 
occurs with solutions in liquid ammonia, and may be referred to as 
“ ammonolysis.” Thus, mercuric chloride, dissolved in liquid 
ammonia, gives the compound HgCl.NH 2 and hydrochloric acid. 

HgCl 2 + NH 3 ^ HgCl.NH 2 + HC1. 

This serves to emphasise the fact that our chemistry is almost 
entirely aquo-chemistry — the chemistry of Bubstances in aqueous 
solution, or in the presence of water. It is surprising what great 
differences in behaviour are found when other substances are used 
as solvents. 

298. Amphoteric Electrolytes, or Ampholytes. — An amphoteric 
substance is one which behaves either as an acid or as a base, 
according to the circumstances. In other words, it can either 
supply or take up protons. 

Many inorganic substances are amphoteric. Common examples 
are zinc hydroxide, Zn(OH) 2 , aluminium hydroxide, Al(OH) 3 , 
and stannous hydroxide, Sn(OH) 2 . These amphoteric hydroxides 
are capable of forming salts with both acids and bases. Thus, 
zinc hydroxide combines with dilute sulphurio acid to give 
zinc sulphate, which gives a metallic cation. It also dissolves in 
sodium hydroxide solution, giving sodium zincate, Na^ZnO* in 
, which the metal is to be found in the anion. It is to be supposed 
that, although the ionisation of zinc hydroxide is very small, it can 
take place in two ways, according to the circ ums tances. Thus, it 
may give zinc and hydroxyl ions 

Zn(OH) f ^ Zn++ + 2(OH)- ; 
or it may give hydrogen ions and zincate ions 

Zn(OH), *=* 2H+ + (ZnO*)--. 

Suppose an alkali is added to a suspension of zinc hydroxide in 
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water. In this case, it is obvious that the second type of ionisation 
will be favoured, since hydrogen ions will be removed from the 
sphere of action by combination with hydroxyl ions to form water. 
Thus, the formation of zincate ions will proceed almost to com- 
pletion. If, however, an acid is added to the suspension of zinc 
hydroxide in water, the first type of ionisation will be favoured, as 
hydroxyl ions will be removed by the added hydrogen ions. In 
the amphoteric hydroxides, it is really the hydroxyl group which is 
capable of ionising in two ways. 

Many organic substances are also amphoteric, but here the 
amphoteric nature is due to a different cause. Organic ampholytes 
contain two different groups, one being acidic and the other basic 
in nature. The most common example of such a compound is an 
amino-acid, such as glycine (amino-acetic acid), CH 2 NH 2 . COOH. 
The — NH 2 group has basic powers, the — COOH group has acidic 
powers. The substance can, therefore, ionise in two ways in 
aqueous solution. 

(1) NH 8 .CH 2 .COOH + H 2 0 ^ NH 3 .CH 2 .COOH 4 OH" 

(2) NH 2 .CH 2 .COOH ^ NH 2 .CH 2 .COO- + H+. 

In the presence of an acid, the first type of ionisation will occur, the 
hydroxyl ions being removed by the added hydrogen ions. In the 
presence of an alkali, the second equat ion will express the ionisation, 
for the added hydroxyl ions will combine with hydrogen ions, and 
will tend to repress the formation of hydroxyl ions according to the 
first equation. Glycine forms both a hydrochloride and a sodium 
salt. 

In the case of organic ampholytes, a third type of ion, which 
carries both a positive and a negative charge, can exist. These are 
known as “ Zuitter ” 1 or “ dual ” ions. Thus, glycine can produce 

the Zwitter- ion CnH 3 .CH 2 .COoJ. 

NH, . CH a . COOH [nH 3 . CH 2 . COO] . 

It is probable that in aqueous solution an amino-acid exists 
almost entirely in the form of the Zwitter-ion. The addition of an 

4 * ___ 

acid converts the Zwitter-ion into the basic ion [NH 3 . CH 2 . COOH], 

[nh 3 :Ch s .coo] + h+ ^ [nh 3 .ch 3 .cooh]. 

The removal of the Zwitter-ion results in further dissociation, and 
the acid further dissolves. The addition of a base converts the 
Zwitter-ion into the acidic ion [NH 2 .CH 8 .COO] , 

1 German « Zwitter ” m hybrid. 
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[NH,.CH 2 .C 06 ]+ OH" ^ [NH t .CH,.COo]” + HjO, 
or [HO.NHj.CH,.COO]-. 

This can be compared with the action of acids and bases on am- 
monium acetate. If a strong acid is added to ammonium acetate, 
acetic acid is produced, together with ammonium ions ; if a base is 
added, acetate ions and ammonia molecules are formed. In an 
amino-acid, of formula NH 2 .R.COOH, the ions are thus 

[nh, .R.COOHj and [NH,.R.COO]“, together with the Zwitter- 

ion _NH,.R.COo]. The equilibria in the solution of the add 
will be: — 

[nH,.R.COOh] ^ [NH, . R . COO] + H+, 
and [nH,.R.C00] + H,0 ^ [NH s (OH).R.COOr 

[NH,.R.C00] + OH“. 

Since the amino-acid is capable of removing both [H + ] and 
[OH"] ions, it will form a good buffer (§ 284). The proteins consist 
of complex amino-acids, and there is little doubt that the constant 
Ph value of the protein-containing liquids of the body, such as the 
blood, is due to this buffer action. 

299. Double Salts and Complex Sajis . — When solutions of two 
different salts are mixed in equivalent proportions, and the mixture 
is evaporated, it sometimes happens that the crystals forming are 
composed of a double salt. Thus, if solutions of equivalent quanti- 
ties of ferrous sulphate and of ammonium sulphate are mixed, and 
the solution is evaporated, there separates out as a crystalline phase, 
ferrous ammonium sulphate, FeSO*. (NH 4 ) 9 S0 4 .6H 2 0. This salt 
is somewhat different in appearance and properties from the salts 
from which it was made. 

If silver cyanide is added to potassium cyanide solution, it 
dissolves, and from the solution a new salt, potassium argento- 
cyanide, KAg(CN) 2 , is formed. This has notably different pro- 
perties from either of the original salts. In solution there is no 
trace of silver iom detectable by chemical tests, but instead a 
complex ion, (Ag(CN) t )~, exists, together with potassium ions. 
There are a very large number of salts such as this, which are called 
u complex salts.” 

Examples of common complex salts are the ferro- and fern- 
cyanides. The salts formed when silver chloride dissolves in 
ammonia, or in sodium thiosulphate, or in potassium cyanide, just 

liiiAtifiAnarl q rn nnmnlAY sulfa 
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(There appears to be no definite line of demarcation between 
double salts and complex salts as far as chemical properties go. 
They are the extremes of a series of varying degrees of chemical 
combination. The differences lie only in the degree of stability of 
the complex ion . In what are usu ally called double salts, the 
complex ion is readily broke n down i n to its co nstituents. Some 
authors (e.g., Ephraim, Inorganic Chemistry , trans. P. 0. L. Thome) 

regard the schonites (M^SO^M^SO^GH^O), of which ferrous 
ammonium sulphate is one, as complex salts (Mg[M u (S0 4 ) E ] ri . 6H a O). 
The alums likewise they take to be not M^SO^M^fSO^j. 24H 2 0, 
but M , [M lI, (S0 4 )J. 12H 8 0. This view regards all the double 
salts merely as very unstable complex compounds.") An [M 1, (S0 4 ) a ]" “ 
ion probably exists in a solution of ferrous ammonium sulphate, 
and there would only have to be a small amount of dissociation into 
M+ + and (S0 4 )~ ~ ions for these latter to be detected. As soon as 
they were removed from the solution by precipitation, more of the 
complex ion would decompose, giving, finally, complete breakdown 
of the complex ion. 

, investigation of Complex Ions. — As a rule, complex salts are quite 
stable in the solid state, and X-ray analysis of their structure 
reveals the presence of the complex ion. There are, however, many 
ways in which the presence of complex ions in solution may be 
recognised. The chief of these are : — 

^ (I) Qualitative Analysis . — It has already been stated that the 
complex salt ionises in a different way from a double salt. Although 
it contains two metals, one of them is to be found in the anion, and 
therefore is not evident in solution as a metal ion. Hence, the solution 
will not answer to the tests for that ion. . Thus, if copper sulphate is 
treated with potassium cyanide a white precipitate of cuprous 
cyanide, CUjj(CN) a , is first produced, which disso'ves in excess of 
the cyanide, giving a solution containing potassium cupro-cyanide, 
K 2 Cu(CN) 3 . This solution gives none of the tests for copper. Thus 
we find that if ammonium sulphide solution be added no black 
precipitate results. , This fact is made use of in qualitative an alysis 
in the separation of cadmium from coppe r, { if to a solution con- 
taining both metals an excess of potassium cyanide is added, both 
metals form complex cyanides, but the cadmium compound is muoh 
less stable than the copper sal t. Hence, addition of ammonium 
sulphide, or passage of hydrogen sulphide, precipitates the cadmium 
sulphide, but leaves the copper in the solution. The complex 
cadmium cyanide ion breaks down as follows : — 

Od(CN) 4 - - ^ Cd+ + + 4CN-. 
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There is an equilibrium between these ions, and removal of Cd+ + 
by ammonium sulphide results in the shifting of the equilibrium to 
the right, and so, finally, all the cadmium is precipitate^ It is 
clear that only the most stable complex ions will fail to 'give the 
qualitative tests for their components. 

The “ transition ” elements in the Periodic Table, together with 
the metals^copper, silver and mercury, are all noted for the 
formation of complex ions. The electronic theory provides an 
explanation of this. 

(2) Solubility Method . — If an inorganic substance is sparingly 
soluble in water, but very soluble in some aqueous solution, it is very 
likely that complex ion formation has taken place. The solubility 
is easily explained. Consider as before silver cyanide. This salt is 
very sparingly soluble in water. It may be supposed, however, to 
give a few silver and cyanide ions : — 

AgCN ^ Ag+ + CN“. 

Addition of potassium cyanide should, on the theory of the solubility 
product (§ 283), depress the ionisation, and hence result in the 
precipitation of silver cyanide. What happens is, however, that 
the cyanide ion is removed as well as the silver ion in the formation 
of the complex [Ag(CN) 2 ]~, and hence the equilibrium is destroyed 
and the silver cyanide goes into solution. Actually, although so 
muoh silver cyanide dissolves, there is a decrease in the silver ion 
concentration. 

(3) Distribution Method . — According to the Distribution Law, the 
equilibrium in two phases between which a substance distributes 
itself exists only between molecular species which are identical. 
This fact is frequently applied to the study of the equilibrium between 
the halides and the halogens. Thus, the solution of bromine in 
potassium bromide has been investigated by Roloff by this method. 
Solutions of potassium bromide were shaken with strong solutions 
of bromine in carbon disulphide. The bromine distributed itself 
between the bromide layer and the disulphide layer. The amount 
present in each was determined by volumetric analysis. The 
distribution of bromine between water and carbon disulphide was 
also found. 

Suppose that on shaking water with a solution of bromine in 
carbon disulphide a gram-molecules of bromine pass into the 
aqueous layer per litre. When shaken with a solution of KBr 
containing b gram-molecules per litre, then e gram-molecules of 
bromine pass into the aqueous layer. Then e — a gram-molecules 
of bromine must have been used up in forming complex ions. 
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Suppose that the equilibrium is represented by 
Br -f- Br 2 Br # 

{6 — (c — a) }. a c — a. 

If the concentrations are as indicated in italics above, by the Law 
of Mass Action 

K _ (& — c + a)fl 
c — a 

Actually, Roloff found that K came out to be constant within the 
limits of experimental error, and so the above equation may be 
regarded as the correct one for expressing this equilibrium, 

(4) Ionic Migration Method . — It is clear that the size of the ion 
and its nature will influence transport experiments (§ 200). Thus 
in a transport experiment it would be possible to indicate the 
presence of complex ions, and this was done by Hittorf for potassium 
ferrocyanide. His results are interesting, and should be read in 
connection with this work in the chapter on Electrolysis (§ 261). 

13*7207 Gms. of solution before electrolysis gave, when evaporated 
with sulphuric acid and ignited, 2*0505 gms. of potassium sulphate, 
and 0*4869 gm. of ferric oxide. After electrolysis 23*3087 gms. 
of solution from the anode compartment gave 3*2445 gms. of 
potassium sulphate, and 0 8586 gm. of ferric oxide. The amount 
of current flowing was shown by a silver voltameter. During the 
experiment 0*5625 gm. of silver was deposited. The analysis quoted 
shows that the anode solution after electrolysis contained 1-4585 gms. 
of potassium and 0*60096 gm. of iron. In potassium ferrocyanide 
1*4585 gms. of potassium is equivalent to 0*5281 gm. of iron. The 
excess of iron in the anode chamber is therefore 0*07286 gm. =» 
0*002602 equivalent. The silver deposited is 0*00521 equivalent. 
Hence, the valency of an ion containing one equivalent of iron is 
0*00521/0*002602, or the valency of the complex ion containing 
1 atom of iron is twice this, i.e., 4. 

(5) Electromotive Force Measurements. — The use of this method 
is described on p. 551. 

(6) Conductivity . — This method was used largely by Werner in 
his study of co-ordination compounds. 

The formation of complex compounds alters the number of 
ions present. Thus chromic chloride/ CrCl 3 , should give four ions, 
but actually it gives only two, owing to the formation of the co- 
ordination compound [Cr(H t 0) 4 Cl|]Cl, The conductivity is, there- 
fore, proportionately diminished. The size of the ion also alters its 
mobility and therefore affects the conductivity of the solution. 

(7) Determination of Molecular Weight. — It is known that the 
molecular weight of a substance in solution, as determined by any 
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of the colligative property methods, is dependent upon the number 
of individual particles present. Thus, when hydrogen iodide is added 
to iodine solution, it is found that the freezing point of the latter is 
unchanged. Hence, there cannot have been any alteration in the 
number of individuals in the solution. Thus the only possible 
changes are I 2 + 1" ^ I 3 “ or 2I 2 + I~^ I 6 “ but not I 2 + 21“ ^ 
I 4 or I 2 + 31“ ^ I 5 .In this way the number of possible 
complexes is limited. 


SUMMARY 

An acid is a compound containing hydrogen which can yield hydrogen 
ions (free or solvated) on solution in water ; a base is a substance that 
will combine with hydrogen ions. The basicity of an acid is the number 
of hydrogen ions that can be formed from one molecule of the acid. 
The basicity of an acid can be determined (a) by finding the number of 
true salts it can form with sodium hydroxide ; (6) by direct titration ; 
(c) by finding the amount of heat evolved when one gram-molecule of 
the acid is treated with one gram-molecule, or integral multiples of one 
gram-molecule of sodium hydroxide ; (d) by using Ostwald's empirical 
conductivity rule that Asi — Aim *= 10 n, where n is the basicity of 
the acid. 

The strength of an acid is not measured by its corroding power. The 
strength of an acid is defined as being proportional to the hydrogen ion 
concentration of its solution, and is therefore measured by the dissocia- 
tion constant K t but it is now known that the anion and the 
undissociated molecule also play some part in deciding the characteristic 
acidic properties. Hydrogen ion concentration is best determined by 
means of the hydrogen electrode. A cell is made, consisting of a 
hydrogen electrode in the solution of which the Ph is required, and 
a calomel electrode of known potential, the bridge solution being a 
saturated solution of potassium chloride. The e.m.f. of the cell is 
measured, and the p a calculated from a formula. Other methods are 
(o) conductivity determination. (6) freezing point method, (c) indicator 
method, ( d ) catalysis of ester hydrolysis. 

The properties of acids are profoundly affected by the presence of 
water. Most acids in the pure state are covalent, but, on addition of 
water, become eloctrovalent. In general, the solvent exerts a decisive 
influence on the properties of the solute. This becomes obvious on 
considering solutions in liquid ammonia. i 

Besides the clear-cut acids and bases, there are also amphoteric 
electrolytes, such as zinc hydroxide, which act either as acids or bases 
acoording to the circumstances. Amphoteric organic substances are 
best represented by amino acids, which can not only ionise to give 
acidic or basic solutions, but can also give Zwitter-ions, which bear no 
resultant charge. Thus, the amino acid CH t NH l .COOH can give 

{NHj.CHj.COO] (Zwitter-ion), [NH a .CH t .COOH] (basic ion) and 

[NH t .CH,.C06] (acidic ion). Complex salts and double salts cannot 
be regarded as two distinct types of salt. Double salts are very unstable 
oomplex salts. Complex ions may be investigated sad their presence 
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shown (a) by qualitative analysis, (6) by solubility, (c) by distribution 
methods, (d) by ionic migration, (c) by e.m.f. measurements, ( / ) by 
conductivity measurements, and (g) by depression of freezing point. 


QUESTIONS 

(1) How far is it true to say that the strength of an acid is determined 
by the hydrogen ion concentration of its solution f 

(2) By what methods may hydrogen ion concentration be determined? 
Indicate the importance of hydrogen ion concentration values. 

(3) Show by examples the effect of addition of water on the properties 
of an acid. 

(4) Define the terms “ acid ” and “ base.*’ Criticise the usually 
accepted definitions. 

(5) 14 An acid is a substance that turns blue litmus rod.” Is this, in 
your opinion, a good and sufficient definition of an acid ? 
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THERMOCHEMISTRY 

800 . General. — Whenever any chemical reaction takes place, 
heat is either absorbed or evolved. This is due to the fact that 
chemical compounds have various amounts of energy associated 
with them, and as the energy of the products of a reaction is never 
equal to that of the reactants, heat is evolved or absorbed when the 
reaction takes place. 

Heat is measured in calories. It is a common error to confuse 
temperature with heat, but temperature is merely the level of heat, 
determining whether heat will flow from one body to another placed 
in thermal contact with it. The gram-calorie is the amount of heat 
required to raise the temperature of 1 gm. of water through 1° C. 
As this value varies slightly with temperature, it is customary, for 
accurate work, to specify the temperature over which the gram- 
calorie is to be measured. As a rule, the degree specified is 14°-15° C., 
though other figures have been proposed. 

Since the amount of heat evolved and absorbed in any chemical 
reaction taking place between the weights of substances represented 
by the formulae in the equation is usually fairly large, and runs into 
thousands of gram-calories, it is sometimes convenient to use the 
kilogram-calorie, i.e., the amount of heat required to raise the 
temperature of 1 kilogram of water through 1° C. It is one thousand 
times as large as the ordinary gram-calorie. The ordinary gram- 
calorie is written with a small 41 c ” and the kilogram-calorie with a 
capital “ C.” The term “ heat tonality 99 is sometimes used to denote 
the amount of heat associated with a chemical reaction. 

Jfi 301. Heat of Reaction. — The heat of reaction is defined as the 
number of gram-calories of heat evolved when the reaction takes 
place at constant volume , in the direction indicated by, and between, 
the amounts of substances shown in the equation. Thus, the 
equation 

0 + 0, = CD, + 94,380 

means that when 12 gms. of solid carbon combine with 32 gnu. of 
gaseous oxygen to form 44 gms. of gaseous carbon dioxide, 
94.380 gm. -calories are evolved. It is necessary to specify the state 

m 
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in which the reactants or products are employed, or obtained, since 
heat will be absorbed or liberated in changes of state (e.g., from 
solid to liquid, or liquid to gas, or vice versa). This is indicated in 
the equation by putting a bar over the substance if it is a gas and a 
bar under it if it is a solid, and nothing at all if it is a liquid. Heat 
evolved is given a positive sign, heat absorbed a negative sign. 

The symbol aq in a thermochemical equation signifies that the 



Fig. 187. — Berthelot’s Bomb Calorimeter. 


substance is present with plenty of water, sufficient in fact to make 
the addition of any further quantity of it have no effect on the heat 
evolved. In this condition its heat of dilution is negligibly small. 

Reactions are frequently classified according to type for thermo- 
chemical purposes, and the heats evolved are given different names 
according to the type to which they belong. Thus there are heats of 
combustion, heats of formation, heats of neutralisation, heats of 
dilution, heats of dissociation, heats of atomisation, heats of preoipi* 
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tation, etc. They are all, however (with the possible exception of 
heat of dilution) heats of reaction. 

£ 302. Heat of Combustion. — The heat of combustion of a com- 
pound or element is the amount of heat evolved when one grain-molecule 
of it is burned in oxygen at constant volume . Thus 

C 12 H a2 Q» + 120 8 = 12C0 2 + Hfi^O + 1,243,000. 

This means that when one gram-molecule of cane-sugar is burnt in 
excess of oxygen, 1,243,000 gm.- calories of heat are given out. 

The heat of combustion is determined experimentally by means of 
Bcrthelot’s Bomb Calorimeter. The general form of this apparatus 
is shown in Fig. 187. 

The apparatus consists of a very strong vessel (V) and cover, 
made of steel, nickclled on the outside, and coated on the inside 

with some non-oxidisable material, such 
as gold, platinum or enamel. The 
cover is fitted to the vessel by a 
piece of metal screwed to the body of 
the bomb. Through the centre of the 
cover is an inlet tube and valve, 
through which oxygen can be passed. 
There is a platinum wire W connected to 
a platinum cup C, and another platinum 
wire w hich passes through an insulating 
washer in the cover. The purpose of 
this is to enable an electric current to 
be passed to start the combustion. 

If the substance to be burnt is a solid, it is, compressed into a 
cylinder ; if a liquid, it is placed in the platinum capsule (C). The 
material is placed on the platinum support, and above it the two 
platinum wires W are joined by a thin spiral of iron wire. The 
bomb is closed and oxygen introduced through the inlet tube until 
there is a pressure of about 25 atmospheres inside. The screw valve 
is then tightened, and the bomb is immersed in water placed in a 
calorimeter. The temperature of the water is taken, and then the 
combustion is started. The temperature is then read every minute, 
anS the results plotted. A curve like that shown in Fig. 188 is 
obtained. By extrapolating, the maximum temperature attained 
during the combustion is derived. The portion AB represents the 
variation of temperature of the calorimeter and contents with time 
before the reaction begins. At time t the reaction starts, and the 
* curve now takes the course BCD, CD representing the cooling with 
time. To obtain the maximum temperature actually reached during 
the reaction, draw a perpendioul&r BE through B, and produce *CD 


1 

T 

i 

r 

Temp, 

1 

■ 

• 

i 

i 

1 

i 


A 

i 

& 


Time 


1' ic. 1 88, — ‘Temporal u ro time 
Curve for a Calorimetric 
Experiment. 



HEAT OF FORMATION 


611 


backwards to cut it at E. The temperature T corresponding to this 
is the temperature required. For the calculation it is necessary to 
know the water equivalents of all the instruments used. 1 These, 
have to be determined previously by immersing the instrument in 
water at a known temperature, and noting the decrease in tempera- 
ture. The heat due to the combustion of the iron wire must be sub- 
tracted from the final result. 

4* 803. Heat of Formation. Intrinsic Energies. — The heat of 
formation is defined as the heat evolved when one gram-molecule of 
a substance is formed from its elements at constant volume. 

It is usually difficult to obtain the heat of formation of a com- 
pound directly, except where it is an oxide, and then the heat of 
formation coincides with the heat of combustion. Thus, it is not 
possible to make sodium hydroxide directly from its elements. In 
cases of this kind it is necessary to derive the heat of formation from 
the heat evolved in a number of other reactions, making use of 
Hess’s Law (§ 304). 

The heat of formation of a compound is an important constant for 
that compound. As will be seen later, it decides the stability of the 
molecule. The heat of formation will also give us information as to 
the amount of energy contained in a molecule. Thus, the heat of 
formation of methane is about 18,800 gm.-cals. This means that 

C + 2H 2 = CH 4 + 18,800. 

Since, by the law of conservation of energy, the energy liberated in 
the form of heat cannot have come from nowhere, the elements 
carbon and hydrogen, from which the methane was made, must 
have altogether 18,800 gm.-cals. more energy than the methane 
molecule. The methane itself must have 18,800 gm.-cals. less 
energy than the elements from which it was made, t.e., — 18,800 gm.- 
cals. more. This amount of energy associated with a compound is 
called its relative intrinsic energy. It is equal to the heat of forma- 
tion of the compound with its sign changed. Since we are not yet 
fully acquainted with the intrinsic energies of elements, they are all 
placed arbitrarily at zero. We know this cannot be correct ; it is 
highly unlikely that the energy content of all atoms should be the 
same. But our knowledge of the value of this intrinsic energy is 
not certain, so at the moment it is necessary for us to base our 
practical definition on the older view that all elements have the same 
intrinsic energy, and this is placed arbitrarily at zero. The subject 
will be further discussed later (§ 310). 

1 The water equivalent is the mass of water which would require the same 
quantity of heat A raise its temperature through I s C. as is required by the 
instruments {calorimeter, thermometer, eto.) for this purpose. w 
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This convention makes it very easy to calculate heats of forma- 
tion, etc. Thus, we see that the intrinsic energy of a compound is 
its heat of formation with the sign reversed. The intrinsic energy 
of 1 gm.-molecule of methane is —18,800 gm.-cals. The point to 
remember is that the sum of the energies on both sides of a thermo- 
chemical equation must be the same, in order to satisfy the law of 
conservation of energy. 

An example of the use of this conception in the calculation of 
heats of formation may be given. From the heats of formation of 
carbon dioxide from carbon and from carbon monoxide respectively 


C + 0, = CO* + 97,650 (1) 

CO + iO a = CO, + 68,000 (2) 

it is required to calculate the heat of formation of carbon monoxide. 
The equation for the heat of formation of CO is 

C + J0 2 = CO + ar, (3) 

where x is the heat of formation. 

From equation (1) the intrinsic energy of carbon dioxide is 



Fig. 189. 



E 


—97,650 cals. From equation (3) that of CO is — x. Writing the 
values of the intrinsic energies in equation (2), we have 

- z — 0 = - 97,650 + 68,000. 

Hence, x — 29,650 cals. 

Hess’s Law of Heat Summation . — If a chemical change can 
be made to take place in two or more different ways~ (Ren lhe 
amount of heat absorSeH or evolv ejT Tnlhe totcu'ching^xaihe same 
no mutter b y which method Jhe change carried end . ’firia Law, 
which is merely a consequence oT the First Law of Thermodynamics 
(Law of Conservation of Energy), was first stated by Hess in 1840. 
If the law were not true it would be possible to obtain energy without 
a corresponding expenditure of work, for suppose that, by taking 
the path AcB from A to B, a certain amount of heat is given out, 
whereas by going via AdB at the same temperature the amount of 
heat evolved is less than before. Then, by going vid AcB, and 
returning vid BdA , the amount of heat given out in tlie first minus 
that given out in the second would bo available for external work. 
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The Law has been tested experimentally and found to be true. A 
good example is to calculate the heat of formation of a dilute 
solution of ammonium chloride from its elements. This can be 
done in two ways : — 

(1) Prepare solid ammonium chloride from ammonia and 
hydrogen chloride. Then dissolve it in excess of water. 

(2) Prepare a solution of ammonia and one of hydrogen chloride 
in equivalent amounts and mix the two. The amounts of heat 
evolved in these changes are given in the following equations 

I. NH 3 + HCI = NH“p + 42,100. 

NH^Cl + aq = NH 4 Claq - 3,900. 

/. NH 3 + HCi + aq = NH 4 Claq + 38,200. 

II. NH 3 + aq = NH 3 aq + 8,400. 

HCI + aq = HClaq + 17,300. 

HClaq + NH 3 aq = NH 4 Claq + 12,300. 

/. NH 3 + HCl + aq = NH 4 Claq + 38,000. 

Tt is seen that the amount of heat evolved in the two methods is the 
same, within the limits of experimental error. 

Hess’s Law is of great practical importance, since it enables the 
heat of reaction to be calculated in cases where it cannot be 
measured directly. Thermochemical equations may be added or 
subtracted. Indeed, they may be regarded just as algebraical 
equations. In thermochemical calculations it is of the utmost 
importance to make certain of the sign of the heat (+ or *-). 
jr 305 . Exothermic and Endothermic Compounds. — Compounds 
which are formed with evolution of heat are called exothermic com- 
pounds. Those formed with absorption of heat are called endo- 
thermic. This fact about a compound is of very great importance, 
since it enables us to predict its stability. An endothermic com- 
pound will contain more energy than the substances from which it 
was made If a compound is formed with absorption of heat, it 
follows from Le Chatelier’s theorem (§ 138) that it will be stable 
at high temperatures. It will require high temperatures for its 
formation, since the absorption of heat tends to annul the constraint 
put on the system. Endothermic compounds are therefore not 
stable at low temperatures. They can be kept indefinitely at such 
temperatures by freezing the equilibrium (p. 343), but not otherwise. 

Exothermic compounds will be stable at ordinary temperatures, 
but unstable at high temperatures, for a similar reason. 

Among endothermic compounds are to be found the oxides of 
nitrogen, hydrogen iodide, ethylene, acetylene, ozone and hydrogen 
peroxide. These are all substances which are formed from their 
elements in appreciable quantities only at high temperatures. 
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Table CIL— Heats of Fobmatiok 


Substance. 

Beat of Formation, fpa.-calR. 

Hydrogen chloride (gas) .... 

22.000 

Hydrogen bromide (gas) .... 

8,440 

Hydrogen iodide (gas) .... 

- 6,400 

Hydrogen fluoride (gas) .... 

38,500 

Carbon dioxide (gas) .... 

94,380 

Ammonia (gas) 

11,890 

Nitrous oxide (gas) 

- 20,600 

Nitric oxide (gas) 

-21,600 

Nitrogen trioxide (gas) .... 

- 22,200 

Nitrogen dioxide (gas) .... 

-3,000 

Nitrogen pentoxide (solid) 

- 30,000 

Hydrogen sulphide (gas). 

2,730 

Ozone (gas) 

-34,000 

Hydrogen peroxide (liq.) . 

- 23,000 

Water (liq.) 

68,380 


Jft 306. Heat o! Neutralisation.— The heat of neutralisation of an 
acid by a base is defined as the amount of heat evolved when one 
gram-equivalent of the acid is neutralised by a base . 

For strong acids and bases the value obtained is constant, and 
equal to about 13,700 gm.-cals (see Table XCIV, p. 556). 

The reason for the constancy of the heat of neutralisation of a 
strong acid by a strong base is that the reaction is always merely the 
combination of hydrogen ions and hydroxyl ions to form undis- 
sociated water. Thus, when sodium hydroxide solution, of which 
the solute consists entirely of sodium ions and hydroxyl ions, is 
mixed with hydrochloric acid also consisting entirely of hydrogen 
ions and chloride ions and water, it forms sodium chloride, which 
can be regarded as completely ionised, and water. The reaction is 
therefore effectively the combination of hydrogen and hydroxyl 
ions. 

Na+ + OH* + H+ + Cl” Na+ + CT + H t O 
OH” + H+ = H 2 0. 

The heat of neutralisation can be used to determine the basicity 
of an acid. For details of this see p. 587 . 

^ 807. Determination of the Heat of Neutralisation.— The calori- 
W meter used for this work must, of course, be made of glass. It may 
consist of two beakers separated from each other by doth, or some 
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other lagging material, or, better, it may be a vacuum flask. The 
latter makes a very efficient calorimeter. 

In all calorimetric work it is necessary first of all to determine 
the water equivalent of the calorimeter and stirrer and thermo* 
meter. This is done by heating some water to the boiling point in a 
test-tube, taking its temperature, and then pouring it quickly into 
the calorimeter which has inside it the stirrer and thermometer to be 
used in the experiment. The temperature of the calorimeter may 
be taken as being the temperature of the room at the commencement 
of the determination. The temperature of the hot water in the 
calorimeter is taken every half minute, and the results plotted. A 
curve of the form shown in Fig, 188, p. 610, will be obtained. If a 
vacuum flask is used the portion BC will be very nearly horizontal, 
and this may be taken as the temperature attained by the flask. 
Otherwise it will he necessary to extrapolate the portion BC back 
to the temperature axis. This point will be the temperature whioh 
the calorimeter would have reached had there been no loss of heat 
due to radiation and conduction. 

The water equivalent of the calorimeter is its mass multiplied by 
its specific heat, and is represented by W. Then, if t x was the 
temperature of the calorimeter before the hot water was added, t % 
its temperature afterwards, t z the temperature of the boiling water, 
and m the mass of the hot water, then the heat given out by the 
boiling water is m(t 2 — / 8 ) gm.-cals. That taken in by the calori- 
meter is W{t t — t x ) gm.-cals. These two amounts of heat must be 
equal. 

W(t 2 t x ) = m(f 3 

This equation gives W. To determine m, the water from the calori- 
meter is poured into a weighed flask and weighed. 

Take 50 c.c. of normal sodium hydroxide and note its temperature 
(f 4 ),and 50 c.c. of normal hydrochloric acid, and note its temperature 
(l 5 ). The two temperatures will usually be the same, but they need 
not be. Pour the two solutions into the calorimeter, and take 
the temperature every half minute, the liquid being stirred 
all the time. Plot a cooling curve and extrapolate as before. 
If m x is the mass of the salt solution, and « its specific heat, and t 6 
the final temperature, then the initial temperature of the liquid 
was (f 4 4- 1 ft )/2, and the amount of heat given out must have been 

— l< 2 — y* 

The value of may be taken as 100, since the mass will be a little 
over 100 gms., and the specific heat a little less than 1. The error 
in doing this will be less than 1 per cent. The value obtained must 
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be multiplied by 20 to give the amount of heat evolved when 1 gm.- 
molecule of sodium hydroxide is neutralised by hydrochloric acid. 

Similar apparatus and methods are employed for the determina- 
tion of other heats of reaction. ^ 

808. Some Numerical Examples. — (1) From the heat of com- 
bustion of ethyl alcohol and acetic acid respectively 

CjHjOH + 30* = 2C0, + 3H,0 + 326,700 . . . ( 1 ) 
CHjCOOH + 20, = 2CO, + 2H,0 + 209,400 . . . (2) 
calculate the heat, of the reaction 

C,H t OH + O, = CHjCOOH + H,0 .... (3) 
This can be obtained merely by subtracting ( 2 ) from ( 1 ). We have 
C,H s OH + O, - CH 3 COOH = H 2 0 + 116,300, 

.'. CgHjOH + O, = CH s COOH + H,0 + 116,300 gm.-cals. 

$.The heat of the reaction is 116,300 gm.-cals. 

j)t(2) Calculate the heat of formation of cane sugar from the data 
C 11 H t gO n + 120, = 12CO, + HH^O + 1,243,000, 

C + O, = CO, + 94,380, 

2H, + O, = 2H70 + 136,760. 

Let x be the heat of formation. Then — x is the intrinsic energy. 
Substituting intrinsic energies in the first equation, 

- x + 0 = 12 (-94,380) + 11(- 68,380) + 1,243,000, 

= - 1,132,560 - 752,180 + 1,243,000, 

= - 641,740. 

J The heat of formation is 641,740 gm.-cals. 

(3) Find the heat of formation of sodium hydroxide from the 
following data 

Na + aq = NaOHaq + JH, + 98,000 ... ( 1 ) 

H, + JO, = H,0 + 68,380 ( 2 ) 

NaOH + aq = NaOHaq + 13,300 .... (3) 

In equation ( 1 ) aq on the left-hand side includes the H a O used up. 
The heat of the reaction 

Na + H,0 = NaOH -f JH, is first required. 

Rewriting (1), 

Na + H,0 + aq = NaOHaq -f JH, -f 98,000. 

Instead of NaOHaq we may write from (3), NaOH -f aq — 13,300 
Na + H,0 + aq = NaOH + aq + JH, + 84,700 

/. Na + H,0 =» NaOH + JH, + 84,700 . . (4) 
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Let the heat of formation of NaOH be x. Its intrinsic energy 
** — x. Then substituting in (4) 

0 - 68,380 = + 84,700. 

x = 153,080 gm.-cals. 

The heat of formation is 153,080 gm.-cals. 

(4) Deduce the heat of formation of benzene from the following 


data f 

C e H e + 710 8 =J3C0 2 + 3H70 + 754,300 . . (1) 

C + O, = C0 2 + 94,380 (2) 

H 9 +i0 2 = I^0 + 68,380 (3) 


Let the required heat of formation he x. Substituting intrinsic 
energies in equation (1) 

- x + o = - 566,280 - 205,140 + 754,300 
= - 771,420 + 754,300 
= - 17,120. 

The heat of formation of benzene is therefore 17,120 gm.-cals. 

309. Correction of Thermochemical Data for Constant Pressure. — 
All heats of formation and combustion are obtained for a system at 
constant volume. If it is required to find the heat evolved at 
constant pressure, a correction must be applied. At constant 
volume the reaction performs no external work. If, however, the 
reaction takes place at constant pressure, and this causes an increase 
in volume of t\ then external work is done to the extent of pv. This 
amount must be subtracted from the heat evolved at constant 
volume to obtain that at constant pressure. For liquids and solids 
the amount of the correction is small, since they undergo little 
expansion on heating under constant pressure ; but for gases it may 
be considerable, and must be calculated for each individual case 
from the data given. 

310. Heats of Atomisation. — Modem research in thermochemistry 
centres round the determination of the heat evolved in the rupture 
or formation of the various possible linkages, such as the covalent 
link (§ 60), the semipolar double bond (§ 61), etc. We have 
previously taken the intrinsic energies of the elements as zero, but, 
strictly speaking, this is certainly untrue. Carbon in the form of 
diamond is a complicated structure of atoms joined together by 
certain bonds. When carbon dioxide is formed out of it, all these 
bonds have to be broken, and energy will be required for it. 
Similarly, the oxygen molecule has to be broken down to its atoms 
before it will combine with carbon to form oarbon dioxide. Here 
again links have to be broken, and it is highly unlikely that the links 
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between the oxygen atoms will have the same energy content as 
those between the carbon atoms in the diamond. Hence, it is untrue 
to say that the intrinsic energies of these two elements are the same 
and can be placed arbitrarily at zero. 

To discover the energy associated with the links which hold 
atoms together in molecules it is necessary to find the heat of 
atomisation of the elements. Where the element is a diatomic one, 
all that has to be done is to determine its heat of dissociation into 
atoms. This heat can be determined in several ways ; though 
most of them, and particularly those which are generally applicable, 
depend upon a study of spectra, the theory of which we cannot 
consider here. Suffice it to say that these values have been deter- 
mined and are collected together in the following Table : — 


Table CIII. — Heats of Atomisation of Elements 1 
(Figures are given in kg.-cals. per gm.-atom) 


Element. 

State. 

Heat of Atomisation. 

Hydrogen . 


Goa 

51*5 

Oxygen 


Gas 

59 

Nitrogen 


Gas 

104 

Carbon 


Solid 

150 

Fluorine 


Gas 

32-0 

Chlorine 

. 

Gas 

28-7 

Bromine 

# i 

Gas 

Liquid 

24-9 

28-7 

Iodine. . 


j 

fGas 

18-0 



1 

.Solid 

25-5 

Sulphur 

• 

. 

Sjjgaa 

Rhombic 

520 

66-8 


311. Heats of Formation of Linkages. — Knowing the following 
heats of combustion 

C + Oj = C0 2 + 94,380, 
ff 8 + iO" 8 = H^CT+ 68,380, 

and one or two others, it is possible to calculate the heat of forma- 
tion of many organic substances from their elements, since their 
heats of combustion are known. But this ordinary heat of formation 
from the elements, which we may call K ft does not include the heat 
of atomisation of the elements. The heat of formation of the 

* Taken, by permission, from Sidgwiok’s Covalent Link w Chemxetrv 
(Cornell University Press). 
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compound from its constituent atoms will therefore be given by 
H f -f the heats of atomisation of the elements. 

Thus, for methane, the heat of combustion is 212*7 kg.-cals. 
Hence, its heat of formation is 

H, « - 212*7 + (94*38 X 1) + (34*19 X 4), 

« + 18*6. 

To obtain the atomic heat of formation, H a , we must add the heats 
of atomisation of one C and four H ~ 150 + (4 X 51*5) * 356*0. 
Hence, H* = 374*5 kg.-cals. 

Now consider ethane, CjH^. Its heat of combustion is 368*3 
kg.-cals. Hence, 

H, « - 368*3 + (2 x 94*38) + (0 x 34*18) 

= + 25*6 

H a * 25*6 + (2 x 150) + (6 X 51*5) 

634*6 kg.-cals. 

From these two observations it is possible to calculate the heat of 
rupture of the C — H and the C — C links. We must assume that 
the heat of rupture is the same in both compounds. 

Let x be the heat of rupture of the C-*~H link, and y that of the 
C — C link. Then, since methane contains four C — H Linkages, 
presumably all the same, 4x = 374*5 and x = 93 *6 kg.-cals. 

Now in ethane we have six C — H linkages, and one C— C linkage. 
Hence, Or + y = 634*6 and y =» 73 0 kg.-cals. 

These values can be tested independently of a knowledge of heats 
of atomisation by considering the homologous paraffin series. If 
the energy associated with the linkages is the same in all the paraffins, 
then the heat of combustion, and the heat of formation from the 
elements H /, and the heat of formation from the constituent atoms, 
will all differ by the same amount on passing from one member to 
the rest. This is found to be the case. 

The heat of rupture of these linkages can be determined by other 
methods, mainly spectroscopic, and give results in good agreement 
with those obtained from thermochemical data. 

When we treat other linkages in this way, and try to verify our 
conclusions by considering homologous series, the results are not so 
fortunate as with hydrocarbons. Thus, if we take the series of 
ketones, we find that the increase in the heat of formation for 
addition of CH 8 varies as the series is ascended. Hence, the value 
of the energy of the link must increase as the series is ascended. At 
present there is no satisfactory explanation of this, though several 
have been advanced. The heats of formation of various linkages 
are given in Table CIV. w+ 
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Table CIV. — Heats of Formation of Links 


(In kilogram -calories.) 



l.lnk. 

! 

Uent. 

! Subst/UKCs. 

1 

Link. 

i 

llcat. 

Siibstaiuc.v 

II 

- H 

1030 

1 

; H> gas 

! c « s 

130*9 

Isothiocyanates 

0 

- C 

750 

, Diamond 

; c - ci 

75 

Alkyl chlorides 

'(’ul 

-Cm 

71*14 

! Paraffins 

i C - Hr 

62 

Alkyl bromides 

C*| 

-Car 

79-40 

i Aromatic 

1 C - I 

45 

Alkyi iodides 

1'ar 

-’Ur 

97-17 

: Aromatic 

, N s N 

208 

N 2 gas 

c 

- 0 

123 

! Olefines 

, N - H 

89*8 

Ammonia 

c 

“ c 

101 

j Acetylenes 

• N - N 

87*0 

Alkylamines 


- H 

03*01 

, Paraffins 

O » O 

118 

0 8 gas 

(\r 

-11 

101*73 

| Aromatic 

O - H 

no 

HjjO gas 

c 

— N ! 

60*0 

' Alkvluinincs 

; O - H 

106 

Alcohols 

a 

N i 

125*3 

1 socy armies 

s = s 

104 

S 3 gas 

0 

N ! 

! 183*0 

; Cyanogen 

, 8 - H 

88*2 

11 2 S 

c 

=--- N 

187*5 

Acetonitrile 

S - H 

85 

Mercaptans 

0 

ST N 

183 

; lsocyanidos 

So - H 

va 60 

H.,Se 

c 

- 0 

76*5 

J! tilers 

Te - H 

ca 54 

HjlV 

C 

- 0 

70*5 

Acetals 

F _ p 

64 


0 

- () 

160 

, Aldoliydos 

. Cl - Cl 

57-4 

Ol. 

C 

-- O 

167 

! Ketones 

Hr — Hr 

49*8 

Hr 2 ires 

c 

O 

182 

listers 

1 - I 

80*0 

I a gas 

c 

= 0 

181*3 

Carbon dioxide 

l F - H 

147*6 

HK 

c 

r- () 

235*5 

Carbon monoxide 

! Cl - H 

102-2 

HC1 

0 

*■ 8 

62 

Alkyl sulphides 

Hr - H 

86*7 

H13r 

0 

- S 

50*3 , 

Thiocyanates 

' T - H 

70*9 

HI 

c 

- 8 

128*6 

Carbon bisulphide 

N - V 

75*3 

NF, 

X 

- Cl 

50 

Cl — N — O 

■ Cl - F 

88*1 

C1F 

N 

- o 

64*2 : 

Methyl nitrite 

! Cl - Hr 

52*8 

ClHr 

n 

- 0 

47*2 ! 

Cl a O 

Cl - I 

47*6 

IC1 

N 

« 0 

125 ! 

! 

Nitrous oxide 

i Ur — I 

42 

113r 


(Taken, by permission, from S id g wick's, The Covalent Link in 
Chemistry , Cornell University Press.) 


SUMMARY 

The heat of reaction is the number of gram -calories of heat evolved 
when the reaction takes place at constant volume, in the direction 
indicated bj% and between the amounts of substances shown in, the 
equation. 

The heat of combustion of a compound or element is the amount of 
heat evolved when one gram -molecule of it is burned in oxygen at con- 
stant volume. Heats of combustion are determined by means of 
Bertholot’s Bomb Calorimeter. 

The heat of formation is the heat evolved when one gram-molecule 
of a substance is formed from its elements at constant volume. The 

1 C*|, and C ar stand for a carbon atom in an aliphatic and an aromatic 
compound respectively. 
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amount of energy contained in one gram-molecule in excess of that con- 
tained by its elements is called its “ intrinsic energy/' and is equal to the 
hoat of formation with its sign changed, the intrinsic energies of the 
elements being taken arbitrarily as zero. 

If a chemical change can be made to take place in two or more 
different ways, then the amount of heat absorbed or evolved in the 
total change is the same no matter by which method the change is 
carried out. (Hess’s Law of Heat Summation.) 

Compounds formed with evolution of heat are called “ exothermic 
compounds." They are stable at low temperatures, but unstable at 
high temperatures. Com pounds formed with absorption of heat are 
called “ endothermic compounds." They are stable at high temperatures 
and unstable at low temperatures. 

The heat of neutralisation of an acid by a base is the amount of 
heat evolved when ono gram -equivalent of the acid is neutralised by a 
base. For a strong acid and a strong b&se, the heat of neutralisation 
is always 13,700 gm.-cals., since the ultimate reaction involved is 
always the same, wz. t H+ + OH” — H 2 0. 

All heats of formation and combustion are found at constant volume. 
A correction is necessary to obtain the values at constant pressure. 
It is now possible to derive the heat of atomisation of an element and 
the heat evolved or absorbed on breaking different linkages. 


SUGGESTIONS FOR PRACTICAL WORK 

Experiment 38. — Determine the heat of neutralisation of (a) sodium 
hydroxide by hydrochloric acid, and (b) sodium hydroxide by acetio 
acid. 

Experiment 39. — Determine the heat of solution of ammonium 
chloride. 

Experiment 40. — Determine the heat of precipitation of silver chloride. 

Experiment 41. — Determine the basicity of phosphoric acid. The 
method that can be applied for the performance of these experiments 
is described on p. 614. It will require but Little modification to suit 
each experiment. 


SUGGESTIONS FOR FURTHER READING 

Sidgwick, N. V. “ The Covalent Link in Chemistry/’ Chapter 4. 

(Cornell University Press , 1933.) 

Thomsen, J. 4i Thermochemistry." (. Longmans .; 


QUESTIONS 

"^(1) What is meant by heat of formation and heat of combustion t 
Calculate the heat of formation of potassium hydroxide from the 
following data : — 

K + H 8 0 + aq * KOHaq + JH 2 + 48,000 
H, + *O t = H*0 + 68,380 
KOH + aq = KOHaq + 14,000 

(2) What differences are to be noted between chemical compound* 
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according as they are formed with evolution or absorption of heat 1 
Describe the commercial preparation of an endothermic gas. 

(3) How can it be shown whether heat is absorbed or evolved in the 
dissociation of phosphorus pentachloride ? 

(4) Calculate the heat of formation of anhydrous aluminium chloride 
from the following data : — 

2A1 + 6HClaq = Al t Cl 6 aq + 3H, + 240,000 
H t + Cl, * 2HC1 + 44,000 
HC1 + aq = HClaq + 17,500 
A1 2 C1 6 -f aq = Al,Cl 6 aq + 153,700. 

(5) The heat of precipitation of AgCl is the same no matter whether 
it is prepared by any of the following methods : — 

(a) addition of silver nitrate to hydrochloric acid ; 

(b) addition of potassium chloride to dilute silver nitrate ; 

(c) addition of silver sulphate to sodium chloride solution ; 

(d) addition of barium chloride solution to silver chlorate solution. 
Explain this. 

(6) Describe how you would determine the heat of neutralisation 
of an acid by a base. Of what importance is this determination ? 

(7) In what way is the heat of reaction connected with the variation 
of the equilibrium constant of the reaction with temperature. Give 
examples of the use of this relationship to determine heats of com- 
bustion or formation. (See Chapter VIII, p. 349.) 

(8) What is Hess’s Law ? The heat of solution of anhydrous 
strontium chloride is 11,000 gm. -cals., and that of the hexahydrate 
— 7,300 gm.-cals. Calculate the heat of hydration of the anhydrous 
salt to hexa-hydrate. 

(9) Calculate the heats of formation of ethane, ethylene, and acetyl- 
ene respectively from their elements at 17° C : (a) at constant pressure, 
(6) at constant volume, given the following heats of combustion: 
ethane 370,350 gm.-cals. ; ethylene 333,350 gm.-cals. ; acetylene 
310,000 gm.-cals. 

Heats of formntion : carbon dioxide, 94,380 gm.-cals. ; liquid 
water, 08,380 gm.-cals. ; all taken at constant pressuisw 
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ENERGY AND CHEMICAL REACTIONS 

312. Heat and Energy. — The First Law of Thermodynamics.— 
Heat is a form of energy. When a body is heated its energy is 
increased. The Law of Conservation of Energy, which has come 
to be accepted as universally true by experience, states that energy 
can neither be created nor destroyed, and, hence, if heat is absorbed 
by a body, it must be converted into some other form of energy. 
No fraction of it can be lost. 

The First Law of Thermodynamics is the logical outcome of the 
Law of Conservation of Energy. It states that mechanical energy 
and heat energy are quantitatively interconvertible. The experimental 
work necessary to prove the validity of this Law was carried out by 
Joule between 1843 and 1880. He measured the amount of heat 
produced in a large number of different mechanical processes, and 
showed that it was related to the energy expended by the relation- 
ship 

E « JQ, 

where E is the amount of work done, Q the heat developed and J a 
constant, known as Joule’s Equivalent. 

This Law is of great importance when a chemical system is being 
studied, and has already been used in the derivation of Hess’s Law 
of Thermoneutrality (§ 304). 

313. Eirchoff’s Equation. — This is simply derived from the 
Law of Conservation of Energy, and concerns the relationship 
between the specific heats of the reactants and products of a chemical 
reaction, and the variation of the heat tonality with temperature. 

(1) Let the reaction be carried out with 1 gm, of reactants at 
temperature T and at constant volume. Suppose the amount of 
heat g ven out is — U. 1 

(2) Heat the products, of which the specific heat is 2c, (2e, is the 
specific heat of all the products dealt with as one body), through a 
very small temperature, dT, The amount of heat taken in is 
2c*dT\ 

(3) Let the reaction now be reversed. The amount of heat taken 
in will be + (17 — dU). 

1 Note the convention of signs on p, 029 
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(4) Cool the reactants to temperature T ; if Sq is the specific 
heat of the reactants, the amount of heat given out is — The 

system is now in its original condition. Hence, by the Law of 
Conservation of Energy, 

-U + $c,dT + (U — dU) — ZcJT = 0 
. dU v _ 
df =tCi "' Sc - 


mmm 


Vapour 


This is known as Kirchoffs Equation. 

314. Reversible and Irreversible Processes.— A reversiWe change in 
the thermodynamic sense, is one which can be made to take place 
in either direction at will, by an infinitesimal alteration in 
one of the conditions governing the equilibrium (e.y., pressure, 
temperature, etc.). An irreversible change 
is one in which an infinitesimal alteration 
in the conditions causes a spontaneous and 
complete change in the equilibrium. These 
changes may be compared with systems 
in stable and in unstable equilibrium 
respectively. A .reversible change corre- 
sponds to the process of moving a body 
from its position of stable equilibrium ; an 
irreversible change corresponds to the 
movement of a body from its position 
of unstable equilibrium. An infinitesimal 
constraint is, in this case, sufficient to 
remove the system completely from its 
state of equilibrium, to which it does not 
return on removal of the constraint. 

Many processes which take place spontaneously can readily be 
called to mind. Thus, when a gas is admitted to an evacuated 
vessel, it completely fills the space spontaneously. If a dilute 
solution is poured carefully on to the top of a more concentrated 
one, diffusion occurs spontaneously until the two solutions have 
the same concentration. Some chemical reactions fall into this 
category. Thus ammonia gas and hydrogen chloride react spon- 
taneously to form ammonium chloride. 

These spontaneous reactions always proceed in the direction of 
greater stability, and free energy decrease. 1 They are also irrever- 
sible in the thermodynamic sense. All spontaneous reactions are 
irreversible. 

Many processes are, however, reversible, in the theoretical sense 


Liquid 


Fiu. 100. 


1 The free energy of a system is the maximum external work that can be 
performed by it. 
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at least. To take an example, we can consider a liquid contained 
in a frictionless vessel and shut in by a piston. The space above 
the liquid is filled only with the saturated vapour of the liquid. We 
will suppose that pressures of varying magnitude can be put on to 
the piston. If the pressure placed upon it is equal to the vapour 
pressure of the liquid at the temperature in question, then the 
system will be in equilibrium, and liquid will neither evaporate nor 
be formed. If, now, the pressure on the piston is increased by an 
infinitesimal amount, all of the vapour condenses to liquid. If 
the pressure on the piston is decreased by an infinitesimally small 
amount, the liquid will evaporate. Thus, a slight change in pressure 
on either side of the equilibrium pressure, which is in this case the 
vapour pressure, results in an alteration in the system. A system 
of this kind is said to be a reversible system. 

We may take as another example the action of heat on calcium 
carbonate in a vessel closed with a piston. 

CaC0 3 ^ CaO + CO*. 

The carbon dioxide will exert a certain pressure, called the 
dissociation pressure, dependent upon the temperature. Thus may 
be called p. If the pressure on the pistdn be carefully maintained 
at p , the system is in equilibrium, and will remain so. No calcium 
carbonate will be decomposed, and none will be formed ; at least, 
this is the apparent state of affairs. Actually, of course, the 
carbonate is being formed and decomposed at the same rate. If, 
now, the pressure on the piston be increased to p + dp % some 
carbon dioxide will disappear from the system, and more calcium 
carbonate will be produced. On the other hand, if the pressure is 
decreased to p — dp t then more calcium carbonate will decompose 
and more carbon dioxide will be produced in order, onee more, to 
attain equilibrium. This is a typical reversible process. 

Another example will be considered briefly, because we shall have 
occasion to mention it later. It is the reaction which takes place in 
the Daniell cell, and which can be represented by the equation 
Zn + CuS0 4 ► ZnS0 4 + Cu. 

The cell consists of a zinc rod in zinc sulphate solution (or dilute 
sulphuric acid) and a copper plate in copper sulphate solution, the 
two solutions being separated by a porous pot. The electromotive 
force of the cell is 1*09 volts. If, now, an e.m.f. slightly greater than 
1*09 volts is applied to the cell, the reaction is reversed, and zinc is 
formed, whilst copper dissolves. On the other hand, if an e.m.f. a 
little less than 1*09 volts is applied to the cell, the reaction takes 
place in the direction represented by the arrow. This electrical 
process is frequently taken as an example of a reversible process. 
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It may be mentioned that in practice it is not possible to get a 
strictly reversible process. Energy is always dissipated in some 
form, particularly as a result of friction. Any reversible process 
is necessarily infinitely slow as infinitesimally small forces are 
applied. 

315. The Second Law of Thermodynamics. — There are several 
ways of expressing the Second Law of Thermodynamics, but the best 
for our purposes are : — 

“ It is impossible, for a self-acting machine , unaided by any external 
agency, to transfer heat from a body at a low to one at a higher tempera- 
ture ,” or 

“ Heat cannot of itself (i.e., without the performance of work by 
some external agency) pass from a colder to a warmer body." 

This Law has important bearings in practice, both in chemistry 
and in physics, but in order to see what limitations it places on 
physical processes, let us consider the conversion of electrical energy 
into mechanical work. These two are interconvertible, and an 
electric motor could be constructed to give an efficiency of 100 per 
cent., theoretically. Of course, it rarely exceeds 90 per cent., owing 
to losses due to friction, etc. Similarly, a dynamo, working in the 
reverse way to a motor, could be constructed of very high efficiency. 
But when we consider a heat engine, such as a steam engine, we 
find that its conversion of heat into work is strictly limited by the 
Second Law of Thermodynamics, for heat cannot of itself pass from 
a colder to a warmer body. 

316. Efficiency of a Reversible Process. — This can be calculated 
by finding the work done when a perfect gas is taken through a, cycle 
of reversible operations, and comparing it with the amount of heat 
taken in during the change. The treatment of this problem is due 
to Carnot, and the system taken is generally known as Carnot's 
cycle. 

I. The first stage is to take one gram-molecule of a perfect gas in a 
cylinder provided with a frictionless piston. The volume of the 
gas is v, o.c. The cylinder is placed in contact with a “ source," a 
heat reservoir of such a size that the abstraction of a small 
quantity of heat does not affect its temperature. The temperature 
of the source is T r The gas is allowed to expand isothermally to a 
volume v t . The amount of work done by the gas A is given by (§230), 

A=RT t log,p 

•'i 

and is represented by the area ABQP (Fig. 191). An amount of 
heat Q will have been taken from the source. 

II. The cylinder is removed from the source and completely 
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thermally insulated. The gas is allowed to expand adiabatically 
(§ 195) until the temperature has fallen to T v The volume of the 
gas is v a . t? t w connected with v 9 by the expression (§78) 



where y is the ratio of the specific heats. 

During this process, an amount of external work is done, equal 
to the area BCIiQ. No heat is, however, taken up or given out. 

III. The cylinder is now placed in contact with a “ sink a heat 
reservoir which will take up heat. The temperature of the sink 



Fia. 191. — Carnot’s Cyole. 


is T j. The gas is compressed isothermally until the volume is t? 4 . 
The amount of work done on the gas A 7 is equal to £T 1 log, 

V 4 

An amount of heat Q v equivalent to the work A v is given up to the 
sink. The amount of work done A , is equal to the area CDSR. 

IV. The cylinder is again insulated, and the gas compressed 
adiabatically until its volume is v lf and temperature T t . The 
amount of work done on the gas is equal to the area ADSP, but no 
heat transference is involved in the change. T x and T t are now 
connected by the equation 


Tj. _ (vsy~ l 

T* ~ W- 


(2) 


During the total change, the amount of work done is equal to the 
area of the figure ABCD. From (1) and (2) it follows that 


v t " V 

and that the two adiabatic changes are therefore identical as 
regards the numerical quantity of work done. In one case, however, 
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it is done on the gas, and in the other by the gas, so that the net 
amount of work involved in the adiabatic changes is zero. 

The external work gained in the change is A 2 — A v This has 
been done at the expense of an amount of heat Q 2 — Q v The 
efficiency of the process is given by 

Heat transformed into work — Qi __ A 2 — A x 
Heat drawn from supply ~ Q t ~A~ t ’ 


But, 


A t = RT t log, and A 1 = RT 1 log, % 

V 1 V l 

. Qt Q\ -^2 ^ i 

" Qt ~ t 2 ‘ ‘ • 


• (3) 


Now let A stand for the external work done by the gas, and Q the 
heat absorbed. Then 

A = Q . (4) 


It follows that the maximum efficiency of a heat engine is depend- 
ent only upon the temperatures between which it works, and not 
at all on the working substance. The heat engine corresponding to 
this theoretical cycle cannot, of course, be constructed practically. 
As has been mentioned in §314, a reversible process such as this 
would be infinitely slow. 

317. Work and Chemical Reactions. — It is a general rule that 
“ The maximum external work which can be done by a physical or 
chemical change is only obtained when the change takes place reversibly” 

We have already referred to the meaning of reversibility in the 
thermodynamic sense. It is now necessary for us to understand 
that the maximum external work can only be obtained when a 
chemical reaction takes place under thermodynamically reversible 
conditions. 

If we consider a reservoir of compressed air, it would be easy to 
waste all the energy latent in it by allowing it to blow off into a 
vacuum. No work would then be done by the gas. In order to do 
the most work with the gas, it is obvious that it will have to be made 
to push out a piston, and only the minimum excess of pressure 
required to do. this should be used. If more than this is applied, it 
will he wasted. This, however, is just the condition for reversibility, 
and so we conclude that the most efficient process is a reversible one. 

Consider a chemical reaction which takes place with absorption or 
evolution of heat. The reactants possess a certain amount of 
internal energy, part of which is released when the reaction takes 
place. This decrease in the internal energy of the system is denoted 
by (7. In the general case, the energy released may be given out 
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as heat, and a certain amount of external work may be done. 
Let Q be the amount of heat absorbed by the reaction (— Q is the 
amount evolved), and let A be the amount of external work done by 
the reaction. Then, by the First Law, 

U = A — Q. 

U, Q and A may be positive, negative or zero, but always the above 
equation is true. 

In dealing with quantities of heat, the sign is important. Heat 
flowing in to a system is positive ; heat flowing out is negative . The 
truth of the above equation is shown by considering the case where 
no external work is done, viz., when the reaction is carried out in a 
calorimeter. Here A = 0, and it follows from the equation that 
V = — Q t i.e., the decrease in the internal energy of the system is 
equal to the amount of heat evolved by the reaction. 

A is frequently called the change of free energy associated with 
the process. 

318. The Gibbs-Helmholtz Equation, and its Application to the 
Daniell Cell. — Using the terms as defined in the last section, the 
First Law of Thermodynamics leads to the equation 

TJ = A~Q ( 1 ) 


With this notation, a positive value of U means a decrease of internal 
energy in the reaction. This equation is perfectly general and 
applies not only to chemical reactions, but to any system in which 
internal energy is converted into heat and external work. 

As proved in § 316, the efficiency of a reversible process is given 
by 

A T t -T 1 

Q T , ’ 

dA dT 

01 Q ~ T' 


Q 



Substituting this value in (1), we have 


U = A-T 


dA 

dF 


which is known as the Oibbs- Helmholtz equation. 

From this equation, a number of important deductions may be 
made. 

dA 

(a) In order that A should equal U, T^j, must be equal to zero. 
This may happen in two ways, either T can be 0, or dAjdT may be 0. 
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Thus, if dA jdT «* 0, the free energy, A , of the process is independent 
of temperature. Taking the Daniel! cell for example, the tempera- 
ture coefficient of the e.mi. is almost zero, and hence in the reaction 


Zn + CuS0 4 » Cu + ZnS0 4 , 


A is almost equal to U. This will be mentioned again later. At 
absolute zero, too, A = V. 

(b) Since U = A — Q, Q = A — U. Substituting in the Gibbs- 
Helmholtz equation, we have 


Q 


A — U — T 


dA 

dr 


Hence, the sign of the heat change in a chemical reaction depends 
upon the sign of T i.e., of Thus, a reaction will be endo- 

dA 

thermic (i.e., heat will be taken in) if — is positive ; it will be 

dA 

exothermic (i.e., heat will be given out) if is negative. 

u>± 


319. The Clapeyron-Clausius Equation, and its Application to 
Elevation of Boiling Point and Depression of Freezing Point. — The 
Clapeyron-Clausius equation is a straightforward application of the 
Gibbs-Helmholtz equation to a simple system. 

The example of a liquid and its vapour confined in a cylinder by a 
frictionless piston has already been considered as an illustration of 
what is meant by a reversible system. Suppose that we have 1 gm. 
of liquid confined in a cylinder under a piston with pressure p equal 
to the vapour pressure of the liquid (Fig. 190). Now allow the 
liquid to evaporate at a constant temperature T . The piston will 
move out because the vapour now occupies a greater volume. If 
the vapour of the liquid occupies a volume v ' and the original 
volume of the liquid was v, the amount of external work done, A, is 
given by 

A = p(v — v 9 ). 


In evaporating, however, an amount of heat equal to the latent 
heat was absorbed, and since, the evaporation was supposed to take 
place at constant temperature, this energy must come from sur- 
rounding bodies, which are cooled. Thus, the heat absorbed is I, 
the latent heat. 

Hence, U * p(v — v 9 ) — l . 

Substituting these values in the Gibbs-Helmholtz equation, we have 

„dA 
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/-rg (v-v') t 

which is the Clapeyron-Clauaiua equation . 

If the volume of liquid is neglected compared with that of the? 
vapour, 



which can now be readily integrated, if it iB supposed that l does 
not vary with temperature. This is only true over small tempera- 
ture ranges. 

RT 

The gas law states t> *= 

RT.dp_ 

*• Mp dT 

where M is the molecular weight. If Ml = L, the molecular latent 
heat, we have 

T RT * dp dT R dp 
■k” p * dr OT t*~ L" p' 

, p t l r 1 .it 

where p x and p t are the vapour pressures at T x and T t . 

Throughout the above, it has been assumed that the vapour acts 
as a perfect gas. 

Elevation of Boiling Point . — The Clapeyron-Clausius equation may 
be used to obtain the molecular elevation from the latent beat. If 
there is an elevation 8T when w gms. of a solute are dissolved in 
100 gms. of solvent, and M is the molecular weight of the solute, 
the molecular elevation, k t is given by the equation 

ks= mr 

W 

If the boiling point of the pure solvent is T % and that of the solution 
T + 8T when the atmospheric pressure is p l9 then 

p x is the vapour pressure of the solution at T -f 8T and is also 
the vapour pressure of the solvent at T , and 
p t is the vapour pressure of the solvent at T + &T. 
p A mav be calculated from the Clapeyron-Clausius equation, since 



L 8T 

ILTWTW)' 

L8T 

^1, when 8T is very small. 
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Now log, — = log, ( 1 + — — \ = — — — , the remainder of the 
Pi ' , Pi / Pi 

terms being neglected, since p % — p i will be small. 

By Raoult’s Law, — — — = where n == number of molecules 
Pt N 

of solute and N — that of solvent. When the difference between 
p t and Pj is very small, as has just been supposed, — — — 1 may be 


taken to be equal to 


Pt-Pi. 


■ n LST 
' N ~ RT ■* 


But n — where M = molecular weight of solute, and N — 

M M 

where M' — molecular weight of solvent. 

. wM' _ LST 

* • 100 M ~ RT V 

_ RThvM' 

~ 100ML ' 

_ , MST M RThvM ' M' RT* 

Hence, * - w - w * mM L ~ L ' 100 

But LjM' = l, 

. k-™l 
•• ioor 

Putting R — 2 gm.-cals., we have 

. 0 02T» 

k - t . 

Depression of the Freezing Point . — A similar calculation gives the 
expression 

^ 0-025P* 

l 


for the molecular depression of the freezing point, where l is now 
the latent heat of fusion. 

320. Chemical Affinity. — It is only with the advent of clearer 
views on the energy relationships of chemical reactions that the 
subject of chemical affinity has been studied with fruitful results. 

In the early history of chemistry, affinity was judged by the power 
that a substance had of turning another out of combination. Thus, 
if the reaction indicated by the upper arrow in the equation 

AB + C^A + BC 

took place, then it was supposed that B had a smaller affinity for A 
than C had, for C was able to turn B out of its combination with A 
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By studying reactions, particularly the neutralisation of acids by 
bases, a “ table of affinity ” was drawn up showing the relative 
affinities of a series of bases for a given acid, or vice versd . 

However, in these early attempts the question of volatility of one 
of the products or reactants was never taken into account, and it 
later became recognised that reactions were sometimes reversible 
under ordinary conditions, and that if the conditions were properly 
chosen it was possible to cause almost every reaction to take place 
in the reverse direction. If a certain substance had a fixed and 
unalterable affinity towards an acid, say, how would it be possible 
for it to turn it out of combination, whilst at the same time the 
reverse reaction is taking place ? Berthollet, as we have seen , solved 
the problem by stating that the direction in which a chemical 
reaction takes place is dependent upon the active masses of the 
reactants, as well as upon their affinities. Thus, the direction of the 
reaction gave no certain indication of the affinity of one substance 
for another, since deficiencies in affinity could be made up for by 
increase in concentration. 

Later, it was recognised that the energy of a reaction had a great 
deal to do with affinity. As a rule, a reaction in which a good deal 
of heat is given out goes on rapidly, whilst one in which little heat 
is given out is usually slow’ ; so it was thought that the heat of 
reaction could be used as an index of the affinity. 

This was soon shown to bo incorrect, however, since, if it were 
correct, reactions could only proceed in the direction in which heat 
was given out. Exothermic reactions would be the only possible 
ones. Yet endothermic reactions could take place just as readily 
as exothermic ones. Obviously, this was a very serious argument 
against the theory. 

It has been shown, however, that the chemical affinity of a reaction 
is not the total decrease of internal energy of the system, 17, but is 
the maximum external work, A, that the reaction can do when 
carried out reversibly (in the thermodynamic sense), and iso- 
thermally. This, is also called the “ free energy ” of the reaction. 
The objection raised by the existence of endothermic reactions can 
be over-ridden by a consideration of the Gibbs-Helmholtz equation. 
It has already been shown that an endothermic reaction is one for 

which ~ is positive. The sign of A is not directly concerned with 

this. The affinity of a reaction may increase or decrease with 
dA 

temperature (t^., — may be negative or positive ' without the 
iffinity being negative. 
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The measurement of affinity, therefore, depends on the measure- 
ment of the “ free energy ” of the reaction, and this can be done in 
several ways. ^The maximum work will be available when the 
reaction is carried out reversibly (in the thermodynamic sense). 

In the first method, the Gibbs-Helmholtz equation is made use of. 
A method of making the reaction go on reversibly is to carry it out 
in an electrical cell, allowing the cell to supply energy at an infinitely 
slow rate. Thus, considering the reaction 

Zn + CuS0 4 — > ZnS0 4 + Cu. 

The affinity of this can be found by making up a Daniell cell, and 
measuring its e.m.f. by means of a potentiometer, when no current 
is taken from the cell. The available energy of the cell per gram- 
equivalent of zinc dissolved is FE> where F is the quantity of 
electricity which passes round the circuit during the solution of the 
zinc, and E is the e.m.f . F has the value 96,500 coulombs, and is the 
same for one equivalent of any element. Hence, the affinity of the 
reaction which goes on in the Daniell cell is 

A =« 1*09 X 96,500 = 105,195 joules per equiv. 

105,195 . 

= - jjjgQ - gm.-cals. per equiv. 

= 25,1 12 gm.-cals. per equiv. 

= 50,224 gm.-cals. per gm.-mol. 

The Gibbs-Helmholtz equation enables us to arrive at this in 
another way. If we know the value of the total internal energy, 
which can be found by carrying out the reaction in a calorimeter 
without performance of external work, and the rate of change of 
affinity with temperature, which is obtained from the temperature 
coefficient of the e.m.f. of the cell, we can substitute in the equation 
and find A. For the Daniell cell, U = 50,110 gm.-cals. per gm.-mol. 
and TdAjdT = 430. 

Since A = U + 

A = 50,110 + 430 

« 50,540 gm.-cals. per gm.-mol. 

The agreement between the values obtained by the two methods is 
seen to be very close. 

Of course, it is not always possible to carry out any desired re- 
action in an electrical cell, and so this method is not always 
applicable. 

Where there is a change in vapour pressure, or in solubility (t.e., 
alteration of osmotic pressure) the free energy change can be readily 
calculated. Thus, suppose we consider the affinity of anhydrous 
copper sulphate for water. If p 0 is the vapour pressure of water 
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at the temperature considered, and p x is that over the crystals, then 
the amount of work done in expanding isothermally and reversibly 
1 gm.-molecule of water vapour from p 0 to pj is a measure of- the 
affinity of the reaction CuS0 4 + £H 2 0 = CuS0 4 .5H f 0 The 
amount of work thus done is 



— RT log, = RT log, 

Po Px 


the water vapour being supposed to behave as a perfect gas. The 
value is given in gram -calories per gram -molecule of water. As 
an example of this, the affinity of sodium sulphate for water in the 
formation of the decahydrate at 15° C. may be calculated. At this 
temperature, the dissociation pressure of the hydrate is 9-7 mm. 
and the vapour pressure of water 12*7 mm. 

Here p 0 = 12-7 mm. 

Pi = 9-7 mm. 


A 


— J Vdp = RT log. 


P* 

Pi 


_ « v ooq ] nfr 127 per gram-molecule of 
- 2 X 288 log. water yapour 

= 2 X 288 X 2-303 log 10 ~ 

*= 155-2 gram-calories per gram-molecule of 
water. 


The affinity can also be determined from a knowledge of equili- 
brium constants. The theory of the method is best derived by con- 
sidering van't HofFs “ equilibrium box/' When equilibrium is 
attained in any system, it is clear that the free energy has reached a 
minimum. 

The “ equilibrium box ” is a theoretical device by means of which 
the reaction 

A + B C -f- D 

can be made to take place by a series of reversible operations. It 
is supposed to have one wall permeable to A, another to B, another to 
C and another to D. 

It is supposed, for the sake of simplicity, that the reactants and 
products are perfect gases. Let p a and p b be the initial pressures of 
A and B. The equilibrium pressures are P A , P Bf P 0 and P„. The 
final pressures of C and D are p, and p d . 

(1) Alter the pressure on A from the initial to the equilibrium 
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pressure. The work done by the gas is 

/•*« 

\v.dp=RT\og t p. 

*' P A 

(2) Do the same with B, the work done by the gas being 


r 

I vdp = 

i'll 


RT log. 


(3) Introduce the gases into the “ equilibrium box ” through their 
respective semi -permeable walls. No work is done in this process. 
Here they react producing C and D at the equilibrium pressures. 
Again this involves no work, since the reactants and the products are 
at their equilibrium concentrations. 

(4) C and D are now removed through their respective walls, no 
work being required for this operation. 

(5) They are reduced to the linal pressures. The work done by 
the gases in this process is, bv C, 

' , 

\ vdp = RT loge — S 

J Pc 


and by D, RT log,- 


The total work which has been performed by the gases is 

A - RT log, ~ + RT log,, P + RT log, + RT log, ?£. 

r A r B Pc Pd 

A = RT log, _ R T log. 

r A r U PaPb 

Since, for perfect gases, pressures are proportional to concentrations, 
A — RT log, IC - RT log, 

P*Pi 

where K is the equilibrium constant. 

In the generalised form, for the reaction 

n 1 A 1 + + . . . n 1 / A 1 / + n 2 'A 2 ' +’. . . 

A DJ? J O0 . jr RT Inff ]*’ [^2 ]"* • • « 

A ~ RT g * A R1 ge [AJ* [A 2 ]«. 7777 

or A = RT log, K — RT27n log, (?. 

This is generally known as the van't Hoff isotherm. If we start 
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with 1 gm. -molecule of each reactant, and finish with one of each 
product, and the pressure is taken as one atmosphere, then the final 
term disappears, and the isotherm becomes 

A = RT log, K . 

As an example of the use of the van’t Hoff isotherm, the affinity of 
hydrogen for iodine when they combine to give hydrogen iodide 
may be calculated. 

H a + I 2 ^2HI. 

According to Bodenstein, at 443° C., K = 50-62. 

Hence, 

A = RT log* K = 2 x 716 X 2*303 x Jog 10 50*62 = 5,619 gm.-cais. 

Since there is no change in pressure as a result of the reaction, 
the second term of the isotherm disappears. 

At 500° C., K = 41, hence 

A = RT\ og„ K 2 x 773 x 2-303 log 10 41 = 5,760 gm.-cala. 

The Nernat Heat Theorem may be made use of in calculating 
affinity, and does, in fact, give us the variation of affinity with 
temperature. 

It is not possible to use the Gibbs-Helraholtz equation in the 
reverse direction, i.e., it is not possible to calculate the affinity of a 
reaction if we know the calorific value, since the equation cannot be 
integrated without bringing in a constant of integration, the value 
of which is not known directly. It is the purpose of the Ncrnst Heat 
Theorem to evaluate the constant of integration, /, which is called 
the “ chemical constant.” 

The Gibbs-Helmholtz equation is 

A- U = T^ (1) 

which can be rewritten 



Dividing through by T 2 

I dA A _ U 
T dT f 2 ““ T 2 



Integrating, we have 

+ t ■ ' ' ' W 
To find the value of T we must consider what happens to A and U 
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at the absolute zero. The curve below shows the effect of tempera- 
ture on them. According to Nemst, both A and U become identical 
at the absolute zero, and, indeed, at a few degrees before this. Both 
curves also become parallel to the temperature axis. This gives the 
clue to the solution of the problem, for it means that both dAjdT 
and dVjdT are zero when T is zero. This is the Nemst Heat 
Theorem. 

The effect of temperature on U may be expressed by a series of 
terms in ascending powers of T. 

f7 = E7, -h aT + JS2 12 + yT* + (3) 

Equation (2) becomes 

V~‘~ f(p + F + ^ + yI ' + "-)‘ ,T - 



Ficl 192. — Graph of A and U against Temperature. T. 
Integrating, 

^+« 1 °g.r+ i 8T+4- i + • • ) 

A = IT+U.-aiT log, T-pT*- 7 ^- . . . . (4) 

But V = U„ + clT + PT* + yT* + . . . 

According to Nemst, 

dA dU „ , m - 

^7 = 0, and ^ = 0, when T = 0. 

From equation (4), 

A A o 

™ - *lo S T - 2PT -tyT* - ... . (6) 

From equation (3), 

^ = « + W + 3y2 ,, + . . . . 


• « 


. ( 6 ) 
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Putting T = 0 in equation (6), 
dA 

= / - a - a log 0. 

dA 

According to the Nemst Heat Theorem, — must be zero under 

these conditions. This can only happen if both I and ot are zero, 
since a log 0 would otherwise be infinite. When a also is zero, the 
indeterminate a log 0 may be zero. Hence, from equation (5), 

% 


op, from (4), 


A = U, - pT* - 


Applying the other part of the Nernst Heat Theorem, viz., 

d JL = o 

dT ’ 


when T = 0, we obtain again a = 0. 

U = U, + pT* + yT* + (8) 

Another relationship is derived from Kirchoff’s equation (§ 313), 



« here c x is the specific heat of the reactants, and c, that of the 
products. 

Hence, c, — c 5 = 2j8 T + 3 yT 1 + (9) 

Neglecting y we can obtain 0 from (9). Substituting this in (8), 
and measuring U, we can find a value for U D . Now, substituting 
for 0 and U 0 in (7), we have A in terms of T. 

The Nernst Heat Theorem has been applied to many cases of 
chemical equilibrium. As an example, we may take the calculation 
of the transition point of sulphur. From observations of the 
difference between the specific heats, 20 - 115 X 10"* 

Now A = l 7 — 2fJT*. 

U is known to be 1*57 from determinations of the heat ot trans- 
formation. Hence, A = 1-57 — 1*15 X 10~*jP*. 

A = 0, when 

/nrx’iF*- 369 ' 6 '^ 

This will be the transition point, since at this point the free energy 
will be zero. The value obtained is thus 96*5° C. The observed 
value is 95*6° C. 

The equation can also be used to calculate the melting points of 
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substances, since these are merely the transition points of the solid 
form being converted into the liquid form. It has also bean used 
for the calculation of the e.m.f. of cells. 

321. The van’t Hoff Isochore. — We have already derived the 
relationship known as the van’t Hoff isotherm, viz., 

A - RT log, K - RT log. 

PaPi 

or, in the general case, 

A = RT log, K - RTZn log, C. 

It is now required to find how the equilibrium constant, JST, varies 
with temperature. This can readily be done by differentiating the 
isotherm with respect to temperature. If the volume is kept 
constant, we have 

(%).- “ loe - * + RT Tt ^ 

- REn log. C - RT^[En log. C). 

Since n and log, C are not in any way connected with the 
temperature, 

RT gp (En log, C) = 0. 

(S). = R l0g * K + RT 1? (1 ° g ' K) ~ RSn log ' °' 

T (jj£) = RT log. K + RT*± (log e K) - RTEn log, O. 
But A = RT log, K — RTSn log, C 

••• T (w).- A+sp ^ K) - 

The Gibbs-Helmholtz equation (§ 318) states that 

i ~ v - T C4).' 

RT’^ji log. R = - u, 

d , i_ V 

or dT ,0 g* ^ — KT r 

For U we can write — <?„, where Q v is the heat absorbed by the 
reaction when carried out at constant volume. This is true, since 
no external work is done when the reaction is carried out at constant 
volume. The equation now becomes 

^ lna fC se 
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This is known as the van’t Hoff isochore , and is the quantitative form 
of the Le Ch atelier- Braun principle of mobile equilibrium (§ 138). 
Like the latter, it can be applied to all kinds of systems, not only to 
chemical reactions. 

In applying the van’t Hoff isochore to any particular case, it is 
necessary to integrate the expression, which cannot be used as it 
stands. The problem, then, is to integrate the equation 


log. K 




It is necessary first of all to make an assumption concerning Q v , i.«. p 
that it is independent of temperature over a small range. Practi- 
cally, this is not quite true, but sufficiently nearly so to enable the 
calculation to be made, and the result applied with fair accuracy. 

We have then 

/.r. 




f f%?. 

Jk x Jtx 

-Q, ( 1 1 \ -Q, ( 7\ - T t \ 

JR \T t Tj~ R\ T l T t ) 


As an example of the use of this equation, we may take the 
dissociation of nitrogen tetroxide, 

N 2 0 4 ^ 2NO r 

/rNO i*\ 

The equilibrium oonstant of this reaction ( 

27° C. and 1 atmosphere. At 111 0 C. the equilibrium oonstant is 
0-204. It is required to calculate the heat of dissociation per gram- 
molecule. 

We first of all convert the isochore into logarithms to the base 10, 
and then substitute the values given. 

W *■- — Q. 
hl0 K 1 2*303 R \ T r T t ) 

£ t = 0*0017, T t — 27 + 273 = 300° Abs. 

A, = 0*204, T, = 111 + 273 = 384° Abs. 

R = 1*987 gm.-cals. per degree 

. 0*0017 _ -Q, / 84 \ 

“ ° gl ° 0*204 4*576 V.300 X 384/ 

.*. Q, — + 14,400 gm.-cals. 

Hence, the heat absorbed per gram-molecule is 14,400 gm.-cals. A 
further example is given in Chapter VIII. (§ 159). 

Another application of the isochore is the calculation of the ionio 


iR\ T,T t ) 
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product for water when the temperature coefficient oi the conduc- 
tivity is known. This is done in Chapter XIII., p 558. 

The isochore is of very general application. Thus it is possible 
to calculate the heat of solution of a solid from the temperature 
coefficient of the solubility, the heat of dissociation of a weak 
electrolyte from the temperature coefficient of the dissociation 
constant, etc. 

822. Electrochemistry. — The use of the voltaic eell for the 
calculation of affinity has already been referred to. It is necessary 
to gain some idea of the relationship of the electromotive force to 
chemical reactions taking place inside the cell. 

The necessity for the use of standard electrodes, and a description 
of the standard hydrogen electrode, with the derivation of the 
formula governing the e.m.f. of a concentration oell, have already 
been given in Chapter XIII., p. 551. We must now go into the 
subject a little more closely. 

Consider a concentration cell of the type 
Mj | solution containing I solution containing | M t 
M} ions I M 2 ions 

■l E t 

where M, and M 2 are two metals. It will possess an ejn.f. given by 
the formula (§ 277) 

*■-*»-» <*> 

where n is the valency of the ions, F is the Faraday, e x and c 3 
are the concentrations of the iorfe, and R is the gas constant. In 
the derivation of this formula the potential at the junction of the 
liquids was neglected. If now we make one of the electrodes a 
standard one, it is obviously possible to determine the e.m.f. due to 
an electrode of any other metal dipping into a solution of one of its 
salts. Thus, if we make one electrode the normal hydrogen elec- 
trode, the potential of which we have arbitrarily set at zero, and 
use as the other the metal tin dipping into a solution of stannous 
chloride of known concentration, we shall be able to measure the 
potential due to the tin. 

This potential is, according to Nemst’s theory, due to the tendency 
of the metal to pass into solution in the form of its ions. The 
electrode potential is the potential developed when a metal is in 
contact with a normal solution of its ions. In this case c fl in 
equation (1) ■■ 1, and if is the electrode potential 

ST 

E t — E t m I — log, 0 ,. 

The Table give® some of the value* obtained s— 
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Tab lb CV. 


Motel. 

Ion. 

Potential, volte. 

Motel. 

Ion. 

Potaotiel, volto. 

Li 

Li + 

- 2-06 

51 

T1+ 

- 0-33 

Rb 

Rb + 

- 2-92 

Co 

Co ++ 

-0-29 

K 

K+ 


Ni 

Ni++ 


Ba 

Ba++ 

- 2-80 

Sn 

Sn++ 

-014 

Na 

Na+ 

- 2-71 

Pb 

Pb + + 

-012 

Mg 

Mg++ 

- 1-55 

Fe 


- 0-045 

A1 

A1+++ 

- 1-28 

H 

H+ 

000 

Mn 

Mn++ 

- MO 

Cu 



Zn 

Zn++ 

- 0-76 

Hg 

Hg t +* 

fla T ' WM 

Fe 

Fo + + 

- 0-44 

Ag 

Ag+ 

■I’ wr; 

Cd 

Cd ++ 

- 0-40 

Au 

Au++ 

Kali 


This is the electronegative series of the metals. A metal having 
a negative potential has a greater tendency to go into solution as its 
ions than hydrogen has. It follows that if a metal having a certain 
potential is placed in a solution containing ions of a metal of 
a more positive potential, then the former will dissolve, and the 
ions of the metal in solution will be discharged and the element will 
be precipitated. Thus, if zinc is placed in a solution of copper 
sulphate, the zinc has a considerable negative potential, viz. 9 
— 0-76 volt, whilst copper has a positive potential of 0-33 volt. 
Thus, zinc goes into solution, and the copper is precipitated, since 
the zinc has a greater tendency to dissolve as ions than the copper 
has. Lead, it is seen, will also precipitate copper from solution. 

It is possible to determine the potential of certain non-metallio 
elements, but there are numerous difficulties. The following values 
haire been obtained : — 


Tabu CVI. 


Bloment. 

Ion. 

Potential., ▼. 

i 

i- 

+ 0-64 

0 ' 

OH- 


Br 

Br- 


ci 

ca- 

+ 136 

F 

. F" 

+ 1-00 


This matter has been dealt with in the simplest possible way. It 
should be realised that the equation from which the electrode 
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potentials are calculated is not quite exact, and thht the effect of 
pressure has been neglected. There are numerous refinements 
which cannot be discussed here. 

If the standard electrode potentials of the elements are plotted 
against their atomic numbers, it is found that the electrode potential 
is a fundamental property of the element. There is quite a definite 
periodicity governed by the grouping of the periodic table. It is 
clear that this should be so, for the tendenoy of a substance to form 
ions depends upon the ease in which one electron or more can be lost 
from the electron shells round the nucleus. This will vary with the 
number present in the outer shell. 

The electrode potential of a metal is one of the factors that decides 
whether it will dissolve in a dilute acid with evolution of hydrogen. 
The elements with negative potentials dissolve in dilute acids the 
more readily the greater the numerical value of the potential. It is 
not to be expected that copper will dissolve in dilute sulphuric acid, 
since the tendency for copper ions to go into solution is less than that 
for hydrogen ions to come out of it (the metal has a positive electrode 
potential). It must however be remembered that the strength of 
the acid may modify the electrode potential, that the above remarks 
refer only to normal solutions, and that there are other factors 
which must be taken into account if the question is to be studied 
fully. 

828. Oxidation and Reduction Potentials. — In ionic processes, 
oxidation means an increase in the number o( positive (or decrease 
in the number of negative) charges. Reduction is the reverse of 
this. In a mixed solution of ferrous and ferric ions, the solution 
will possess oxidising or reducing powers according as whether it can 
gain or lose electrons. Thus, if a platinum plate is dipped into such 
a solution, and the mixture tends to oxidise the plate, it will tend 
to remove electrons from the plate, thus giving it a positive oharge ; 
if it tends to reduce the plate, it will seek to give up electrons to the 
plate, giving it a negative charge. It is clear that the oxidising or 
reducing power of a solution may be measured by the magnitude 
and sign of the charge given to the platinum electrode. This , 
charge gives rise to an electrode potential similar to those previously 
considered. If the platinum electrode in the solution is connected 
with a normal hydrogen electrode and the e.m.f. of the cell is 
measured, the value of the electrode potential may be obtained. * 

The solution will contain Fe+ ++ , Fe+ + and H + ions. The last are; 
of course, necessary for the reaction to proceed. The reaction 
occurring is 

F e +-H* + 1^ Fe + +. 

This may be regarded as an o xida t i on of the 7e++ by hydrogen 
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which is thereby reduced to hydrogen ' gas. The equation may 
therefore be written 

Fe+++ + |H a ^ Fe++ + H+ 

The equilibrium in the system is therefore governed by the equation 

[Fe+++] (p a ,) i J, m 

* [Fe*+] [H+] “ ' 9 

where K' is the equilibrium constant, and p n% is the pressure of 
1 hydrogen gas. The platinum electrode may now be regarded as 
functioning as an ordinary hydrogen electrode, the potential of the 
electrode depending upon the hydrogen ion concentration and the 
pressure of the hydrogen gas. The potential will be given by 
_ RT [H + ] 

Since, when [H+] » 1, and p H , = 1, E =* 0, by definition. 

But, from (1) above, 

[H+J 1 [Fe+++] 


Henoe, 


E 


CPh.)^ 

RT 




K ' [Fe++] ’ 

[Fe +++ ] 

' [Fe++] 

where K is a constant. It has the dimensions of a potential, and 
may be called E 09 so that 

* P , RT [Fe+++] 

E ~ E ° + F 1 g ‘ [Fe-H-]’ 

Since, when fFe+++] == [Fe^] = 1 {i.e., in a solution normal with 
respect to both ions) the logarithmic term is zero, it follows that E % 
is the normal electrode potential of the process 
Fe+++ -j. € ► Fe + +, 

and is therefore called the “ oxidation potential ” of that process. 

In the general case, where the difference between the valencies is 
a, the equation is 

Thus, in the case of tin, the process is 

Sn++++ + 2c V Sn++ f 

and the equation governing it is 

%=>K + 2&H-- 

, By measuring the voltages of cells made up, tat fftample, as 
follows : — 

stive pole : Hydrogen electrode. t 
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$ -V 

Positive pole : Platinum plate in' a solution containing ferric and 
ferrous chlorides, 

we can determine the oxidation potential of such reactions' 

]? e -H-+ + € * Fe ++ . 

The Table gives some of the values obtained for this and other 
similar reactions. 


Table CVII. 


Reaettoa. 

Potential, volt*. 

Co +++ ► Co++ 

+ 

1-82 

Pb++++ > Pb++ 

+ 

1-80 

Ce++++ ► Ce+++ 

+ 

1-57 

T1+++ ► TI+ 

+ 

1-24 

Fc 4++ ► Fe++ 

+ 

0-76 

Fe(CN), ► Fe(CN)," 

__ + 

0-41 

Cu ++ ► Cu + 

+ 

0-17 

Xi++++ » Ti 444 

— 

006 

y+++ y V 44 

— 

0-2 

Cr+4+ . Cr 44 

— 

0-4 


A positive sign means that a M solution of the ions is more easily 
reduced than a M solution of an acid is reduced to hydrogen. 

What information can be gained from this table of oxidation- 
reduction potentials f Since the electrode Fe +++ * Fe ++ has a 

positive potential of 0*70 volt compared with the hydrogen elec- 
trode, it follows that it is capable of giving up electrons more easily 
than will the hydrogen of an acid. Hence, the solution of feme salt 
may be reduced by hydrogen under atmospheric pressure. The 

electrode Cr +++ > Cr++ possesses a negative potential of 0*4 volt. 

Hydrogen under atmospheric pressure cannot bring about this 
reduction, since a molar solution of Cr 1 *"* ions is less easily reduced 
to Cr** ions than a molar solution of H + ions is reduced to H. In 
fact, when a chromous salt is oxidised by hydrogen ions to a chromic 
salt, hydrogen is evolved. Hydrogen is also liberated from aqueous 
solutions of vanadous salts, and of the bivalent compounds of ^ 
tungsten and samarium, oxidation taking place. 

The reducing or oxidising powers of metals in contact with certain 
ionri can also be obtained by considering the electronegative series 
of the metals, and the list of oxidation reduction potentials together. 
Thus, copper with an electrode potential +.0-35 volt can reduce 
ferric salts, though with greater difficulty than hydrogen. Silver, 
however, with an electrode potential -+■ 0*80 volt, being more 

positive than the Fe+++ > Fe^ electrode, cannotbring about the 

reduction. Indeed, the reverse change will take place. Ferrous sul- 
phate sol&tionreduoes BUvernitrate to metallic silver. 
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Another method of representing the oxidising or reducing 
tendency of a system has been proposed. This is the r B value. 
When a substance is an oxidising agent it tends to take up hydrogen ; 
if it is a reducing agent it tends to evolve hydrogen. All oxidising 
and reducing actions are certainly not associated with the taking up 
or liberation of hydrogen, but they may, in effect, be regarded as 
such. The more a system tends to take up hydrogen, the greater is 
its oxidising power ; the more it tends to evolve hydrogen, the 
greater is its reducing power. It follows that in a reversible oxida- 
tion-reduction system, such as 

Fe+++ + € ^ Fe++ 

the pressure of hydrogen with which the system is theoretically in 
equilibrium (the p u , 2 of equation (1), p. 645), is a measure of the 
reducing or oxidising power of the system. In very few cases can 
this hydrogen pressure be actually measured, as it is so small, but 
it may be calculated from electrochemical observations. The r„ 
value for any system is the logarithm to the base 10 of the reciprocal of 
this hydrogen pressure , measured in atmospheres . By comparing r„ 
values, it is possible to say whether one system will oxidise another 
or reduce it. 

324. Applications of Electrochemistry. — (a) To the Study of 
Chemical Affinity. — This has already been referred to in a previous 
section (§ 320), The reversible e.m.f. of a cell is a measure of the 
free energy of the reaction going on in it. The validity of this 
method of determining affinity has been carefully tested by a 
number of observers, and particularly by Knupffer and Bredig. 

The chemical reaction 

T1C1 + KCNS = T1CNS 4- KC3 

was carried out in a cell by means of the following arrangement. 

T1 KCNS solution KC1 solution I T1 

amalgam | saturated with T1CNS | saturated with T1C1 | amalgam 

The e.mi. of the cell was determined at various temperatures, and 
the affinity calculated. If the electromotive force is a correct 
measure of affinity, then the equilibrium constants calculated from 
the van’t Hoff isotherm should agree with those obtained by 
analytical methods. It is seen from the results given on p. 648 that 
this is the case. 

This provides strong evidence for the validity of the electro- 
chemical method of determining affinity. 

, The equilibrium constant, K, in the van’t Hoff isotharm 9 
A ^ RTXogK - RTEr^XogC 

is a function of the temperature, so that it is possible, by varying 
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; i 

rmp. j 

I X 

L 

Calc. 

Obi. (analytical). 

39-9° C. 

■ 0-88 

0-85 

20° C. 

1*26 

1-24 

0-8° C. 

1-79 

1-74 


the temperature, to make the second term of the equation equal to 
the first, when the affinity would be zero. At this temperature the 
electromotive force of the cell should be zero, if affinity is measured 
by this quantity. Knupffer found that for the above cell the 
e.m.f. was zero at 42*3° C. This was the value found experimentally 
by altering the temperature of the cell until it gave no e.m.f. The 
temperature calculated from the isotherm was 41*3° C., again in 
gdbd agreement. 

There seems little doubt then that the electromotive force method 
does indeed give a correct result for the affinity of a chemical 
reaction. 

(b) To the Determination of the Solubility of a Sparingly Soluble 
Salt , and of Solubility Products . — It is clear that the electromotive 
force of a concentration cell can be used to give the concentration 
of ions in a solution. For sparingly soluble substances the ionic 
concentration may be taken as the true solubility, the substance 
being supposed to be entirely dissociated. In this way the solu- 
bility of a sparingly soluble salt, such as silver chloride, can be 
determined with great accuracy. 

Suppose that the following cell is set up : — 


Ag ] . "JT/lOOAgNOj 


Saturated iVyiOKOl saturated A 

NH 4 NO, with AgCl g 


The current flows through the cell from the potassium chloride side 
to the silver nitrate side. The potassium chloride is added in order to 
Q|&ke the cell conduct. The silver chloride itself furnishes so few ions 
that the cell would have a very high resistance if this were not done. 
The saturated ammonium nitrate solution which forms the bridge 
between the two silver solutions is used to make the e.m.f. between 
the two silver solutions negligible. If this were not used, a correction 
^ would have to be applied to eliminate the effect of the junction 
' potential (p*. 652). In the 2V/10 potassium chloride + silver chloride 
iohttion, the silver chloride gives rise to both silver and chl&rine^ 
ions^but the concentration of chlorine ions from the silver chloride^ 
is negligible when compared with that from the potassium chloride. 
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Hence, assuming that the potassium chloride is completely dis- 
sociated, the concentration of chlorine ions is 0*1. - ' 

If S is the solubility product, then 

1 s-jAg+ircn a) 

The solubility, M, t y/E — vTAg+] [C1~J < 


But [Cl - ] = 0*1, so that J£.— V[Ag + ]0*l 

The value of [Ag + ] can be determined from the e.m.f . of the cell. 

the e.mi. is E, we have 


„ ET, 


0*01 
c * 


( 2 ) 

If 


where c is the concentration in gram-equivalents per litre of Ag + ions 
required. Substituting for R, T, n, F, and bringing to common 
logarithms, the equation becomes 

E = 0*058 log 1( , 

c 

where E is the e.m.f. in volts. 

From this c can be calculated and substituted in equation (1), 
from which the solubility product can be obtained. The solubility 
can then be calculated. 

A cell of a slightly different type has been used by Goodwin for 
the determination of the solubility of silver chloride. This cell 
involves the use of a chlorine electrode (».€., a platinum foil, sur- 
rounded by chlorine), and is represented as follows : — 

Ag | j^/IOKCI saturated with AgCl | Cl 

a 

Since the chlorine electrode produces anions, the e.m.f. of the cell 
is not the difference between the two electrode potentials, but the 
sum of them. Thus we have for the e.m.f. 


E = 0*058 log ^ + 0*058 log ® 

Now, — 0*058 log [Ag] and — 0*058 log [Cl] are merely the electrode 
potentials of Ag and Cl respectively, and are known. The e.m.f. t 
E , is determined, and [Cl*] is known (0*1). Hence, [Ag+] can bq 
calculated, and the solubility product obtained as before. 

(c) To the Determination of Valency * — The expression for the 
e.m, f. 


p „ m RT , Cj 


involves the valency of the ions, n. If, therefore, we know, or can 
determine, the values of the other quantities in the expression, 
n can be obtained. 
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The best example of the use of this method for finding valency is 
the work of Ogg on the valency of the mercurous ion. If the cell 

Hg N 1 2 mercurous nitrate JV/20 mercurous nitrate, 

in HjlO nitric acid in Nj 10 nitric acid 

+ 


is set up, and its e.m.f. determined, n can be found by the following 
calculation. Let the concentration of mercury ions in the N/20 
solution be e l9 and that in the N/2 solution e f . If the liquid/liquid 
potential is neglected, we have 


_ RT . c 2 0-058 * C] 

~ e = ^f ** r = — logic- • 


n 


where E is the e.m.f . of the cell. * If it is supposed that the solutions 
are completely dissociated (which is, of course, only true to a first 
approximation), we have 



Ogg found the potential of the cell to be 0-029 volt. 


0-029 = 


0-058 

71 ’ 


2 . 


Hence, 


Thus, the valency of the mercurous ion is 2, and it should be repre- 
sented as Hg 2 ++ , the formula of a mercurous salt, say the nitrate, 
being Hg 2 (N0 8 ) 2 . There are many other pieces of evidence which 
point to the same conclusion. The depression of the freezing point 
of dilute solutions of nitric acid when mercurous nitrate is dissolved 
in them provides evidence for the existence of Hg 2 ++ ions. 

(d) To the Determination of the Degree of Hydrolysis of Salts . — This 
has been briefly mentioned in Chapter XIII., § 282. The method 
consists in determining the hydrogen ion concentration in a solution 
of the salt. The cell used is made up of a hydrogen electrode in the 
solution of the salt under investigation and a calomel electrode. 
The two are separated by a bridge solution of ammonium nitrate to 
nullify the liquid/liquid potential. 

The advantage of this method is that it is applicable in those 
cases where the pu is small, In fact, it works better for small 
hydrogen ion concentrations than for large. Other methods are 
just the reverse. The disadvantages, however, are that it cannot 
be used in the presence of salts of elements which would be deposited 
on the platinum electrode, nor in the presence of reducible cations 
or anions, such as Pe +++ or NO,". It has, however, been used 
satitf&ctorily for the determination of the degree of hydrolysis of 
. such salts as aluminium and nickel chlorides. 

- The standard case dealt with in the laboratory by this method is 
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the determination of the degree of hydrolysis of aniline hydrochloride. 
This hydrolyses according to the equation 

CfHfNHg . HC1 + H t 0 = C,H, . NH,OH + Ha 

Suppose the following cell is made up 

H ( N ]32 CgH^NHjHCl Saturated | Normal KC1 Hg 

NH 4 NO, saturated 
with Hg t Cl t 


The single potential at the hydrogen electrode is 

RT . [H+] 

* - SF lo «-r* 


where [H + ] is the concentration of hydrogen ions in the solution 
and C is the pressure of hydrogen gas. But — RT log C is the 
electrode potential of the normal hydrogen electrode, which is 
known from other measurements, and can be called Thus, 

* " *• + f? log [H+ i- 


Considering the equilibrium in the hydrolysis, if we have one gram- 
molecule of the salt dissolved in t; litres of water, and a fraction x is 
hydrolysed, then we have for the hydrolysis constant, K t 

K 

( 1 - X)v 

But the concentration of hydrogen ions is x/r, assuming the aqid 
formed to be completely dissociated. Hence, the equation for the 
single potential becomes 

^RT - x 

ws=,r » + ^ ,og ;* 


The argument is best followed by taking a definite example. 
When dealing with Nj32 aniline hydrochloride, the e.m.f. of the cell 
set up was 0*4655 volt. The normal calomel electrode has an 
absolute potential of + 0*56 volt. Hence, the p.d. of the hydrogen 
eleotrode must be 0*56 — 0*4655 = + 0*0945 volt. We have then 

RT r 

0*0945 ■*, + jjjs log -. 

The absolute electrode potential of hydrogen, v ( , is 0*0277 volt. 
Thus, converting to common logarithms, and substituting for R, 
T (25° C.) and F, we have 

0*058 log,, ? » 0*0945 - 0*277 - - 0*1825, 


V 


X 



0090807. 
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If the aniline hydrochloride were completely dissociated, the 
concentration of hydrogen ions would be 0-03125. The aotual 
concentration is 0-000807. 1 Hence, the percentage hydrolysis is 

0^*0807 00 - 2-58 

0-03125 X 100 - 2 68 ' 


and the hydrolysis constant is 

(0 000807)* 
32(1 -0-000807) 


0 - 000021 . 


(e) To (he Determination of Transport Numbers . — We have not 
yet investigated the liquid/liquid potential in a cell. In the deriva- 
tion of the formula (§ 277), it will be remembered, this potential was 
neglected, and then, in order to make this assumption correct 
practically, a bridge solution of ammonium nitrate was introduced 
into the cells. The reason for the liquid/liquid potential is that 
there is a transference of ions unequally, due to the differing mobili- 
ties of the ions. In the derivation of the formula (§ 277), it was 
assumed that when a Faraday of electricity passed through the 
cell, the effect would be to add one gram-ion to the anode compart- 
ment of the cell, and remove one gram-ion from the cathode com- 
partment. This is not what happens, because the ions have different 
mobilities. Consider the cell 



' _ i+ 

HC1 

HCl 


C 1 

(cone.) 

(dilute) 


Suppose that c x is greater than c r Then osmotic pressure tends to 
make the hydrochloric acid diffuse from the concentrated to the 
dilute solution. The hydrogen ion H+ has a greater mobility than 
the chlorine ion Cl~, and tends to outstrip it, giving rise to an 
e.m.f. at the junction such as to slow up the hydrogen ions, and 
hasten the chlorine ions, till both diffuse across at the same rate, as 
they must. Thus, the dilute solution (c 8 ) becomes positive relative 
to the concentrated solution (cj. Let the liquid/liquid potential 
be When one Faraday of electricity passes through the cell, 
m a gram-equivalents of Cl" pass across the boundary in the one 
direction and m, gram-equivalents of H+ pass across in the other. 

. The respective amounts of work done are : — 
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amuning that the acid is 100 per cent, ionised. In our ease, 

m, > m„. 

Adding, and remembering that w, + m, = 1, we have, 

FE U = (m, - m a ) RT log, ~ l ; 

*•«•» -Bu, = (m, - m a ) ^ log. 


directed from r 2 to c v 

Taking no account of the liquid/liquid potential, the e.m.f. of the 
concentration cell is given by 

_ RT . c x . , .RT . c . 

B = ~Y log, -* = (m t f m a ) log, 

directed from c, towards c 2 . 

To obtain the total potential, E 1f we form the algebraic sum of E t 
and i.e 




[m 0 + m„ -(in - m.)], 


o RT i .Ci 
= 2w„ . -y . log, c -i, 

directed from c T towards c 2 . 

This equation involves the transport number of the anion, and 
can be made use of to determine this constant. A double cell 
(or “ concentration cell without transport ”) is arranged as follows: — 


NKC\ 

Saturated 

HC1 

H- H‘ 

HC1 

Saturated 

jv Kci 

saturated 

with 

Hg,Cl, 

nh 4 no 8 

rone. 

Cl 


cone. 

r a 

i 

nh 4 no. 

saturated 

with 

1 Hg,Cl. 


If the hydrogen chloride is supposed to be completely dissociated, 
the e.m.f. of this cell, with the bridge solutions, is 

*i-5**?. 


since the two calomel electrodes exert an equal and opposite effeot 
on the potential, and the system reduces to a hydrogen concentration 
cell without the liquid/liquid potential. If no bridge solutions are 
used, the different concentrations c x and c 2 of the acid affect the 
partial potentials at the hydrogen electrodes, and also the partial 
potentials of the calomel electrodes. These two effects are equal, 
and add together, giving for the e.m.f. of the cell without bridge 
solution* 

*,• -sg: 
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The e.m.f. of a single hydiochlorio add concentration cell, consisting 
of two hydrogen electrodes dipping into add of concentrations 
Cj and e t (concentration cell with transport), would be 


E t 


2mJtT . c. 


If E x (or Ei) and E % are measured, it is dear that m a can be calcu- 
lated. * The transport number of the cation, m c , is equal to 1 — m a . 
This method yields results which are in excellent agreement with 
those determined by the usual Hittorf apparatus. 

(/ ) To the Study of Allotropy . — If there are two forms of the same 
element, there will be a potential difference between them when 
placed in a solution containing ions of the element. Thus, tin 
exists in two forms, white and grey. The change from the one to 

the other is a very slow process 



at ordinary temperatures. In 
order to determine the transition 
point, Cohen prepared a cell with 
ammonium stannichloride, 
(NH 4 ) 2 SnCl 6 , as electrolyte, and 
white and grey tin as the 
electrodes. The temperature of 
the cell was then altered, and it 
was found that at 18° C. the cell 


Fig. 193. gave no e.m.f. This temperature 

Cell for studying Allotropy of Tin. mus t be that at which the two 


forms are equally stable, i.e., the transition temperature. 

A similar method can be used for determining the transition 
points of salt hydrates. Thus, to determine the transition point of 
the change of zinc sulphate heptahydrate into zinc sulphate hexa- 
hydrate a cell is prepared as shown in Fig. 194. The limb A contains 
a saturated solution of the heptahydrate and some of the solid salt. 
B contains a saturated solution of the hexahydrate together with 
some of the salt. The tube C, which links the two, is bent down- 
wards to prevent the mixing of the solutions by convection currents. 
Two zinc electrodes go to the bottoms of tubes A and B. The oell 
is placed in a thermostat and connected with a galvanometer. At 
temperatures below the transition point the solubility of the hexa- 
hydrate, which is the metastable form, will be greater than that of 
the heptahydrate (§ 133). Hence, a current will flow outside the 
cell, from the electrode in the hexahydrate solution to that in the 


heptahydrate. At the transition point the * solubilities become 
equal arid the cell then gives no e.mi. At temperatures slightly 
above the transition point the direction of flow of the ourrent is 
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reversed. By noting the temperature at which the cell gives no 
e.m.f. 9 i.e., when there is no defleotion of the galvanometer on 
completing the circuit, the transition point is obtained to a high 
degree of accuracy. 

In the example given, the electrodes consisted of the same metal 
as the ions in the solution, but in some cases this cannot be arranged, 
and, in fact, it is not always necessary. For example, to determine 


the transition point of sodium 
sulphate decahydrate, it is con- 
yenient to use a suitable non- 
polarisable mercury electrode. 

(g\ To the Study of Complex 
Iona . — By means of a concentra- 
tion cell it is possible to determine 
the concentration of ions in a 
solution of a complex salt. For 
example, the concentration of 
silver ions in a solution of a 



Fig. 194.— Coll for determining Tran- 
sition Point of Hydrate of Zino 


complex silver salt, say diammino- Sulphate. 


argentic nitrate, can be found by preparing the cell 


Ag | Ammoniacalsoln. of Ag 2 0 1 j — AgN0 3 | Ag 


and determining its e.m.f. In this way the degree of dissociation of 
the complex ion and its instability constant can be found. The 
stability of the complex [Ag(CN) 3 ] — can be found by determining 
the e.m.f . of the cell 


Ag | ^ AgNO. | KNO, - K a [Ag(CN) a ] ^ KCN | Ag 


The instability constant k is 


[Ag+][CN- ]» 

[Ag(CN),]- 


and can be found from the data arrived at experimentally. 

There is little difference between a complex salt like potassium 
ferrocyanide and a double salt like ferrous ammonium sulphate. The 
classification of a salt into one or other of these classes can usually 
be made by considering its stability constant. Thus, potassium 

ferrocyanide gives rise to a complex ion, [Fe(CN) e ] , which is 

very stable, whilst ferrous ammonium sulphate gives rise to a 
complex ion, [Fe(S0 4 )t] — , which is very unstable. The e.m.f. 
method thus allows one to find the stability of the complex ion, and 
enables a classification to be made ; although, even so, this is a 

1 lCtde by adding ammonium feydiosldi to titvor nltmto volution. 
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matter of some difficulty, as ions are known of all stabilities from 
that of the ferrocyanide ion to that of the ferrosulphate ion, and it 
is difficult to draw the line between the two classes (§ 298). 

(h) Potentiometric Titration .— This has already been mentioned 
in § 287. 

825. Polarisation. — When a voltaic cell, consisting of a zinc and 
a copper plate in dilute sulphuric acid, is set up and a current is 
taken from it, the e.ra.f . of the cell rapidly falls. This is because the 
electrodes become covered with bubbles of gas, which make gas 
electrodes with e.mi. ’a opposite to that of the cell. If the bubbly 
of gas arc removed, mechanically or chemically, the e.m.f. of the 
cell remains constant. This phenomenon of a reverse e.m.f. brought 
about by the presence of the products of electrolysis is called 
polarisation . For a given concentration of electrolyte, the polarisa- 
tion e.m.f. for any given type of cell is constant. Of course, exactly 
the same phenomenon is met with in electrolysis, in which the 
reactions are just the reverse of those taking place in a cell. Thus, 
if dilute sulphuric acid is electrolysed between platinum electrodes, 
a certain minimum e.ra.f. must be applied to the electrodes to bring 
about continuous electrolysis. At first, a very small e.m.f. will 
bring about electrolysis, but almost immediately the electrodes 
become coated with bubbles of gas which exert an opposing effect, 
and, unless the applied e.m.f. is greater than the polarisation e.mi., 
electrolysis almost stops. A slight current flows when the electro- 
lysing e.m,f. is less than the opposing polarisation e.m.f., owing to 
diffusion of the gases away from the electrodes. 

This polarisation may also be brought about by changes in 
concentration of the electrolyte. If a solution of copper sulphate is 
electrolysed between copper electrodes, at first a very small e.mi. 
will suffice to cause electrolysis ; but, after a w hile, the concentration 
of copper sulphate in the neighbourhood of the anode and cathode 
respectively, alters, owing to the different transport numbers of the 
copper and sulphate ions. Thus a concentration cell is set up, the 
e.m.f. of which opposes the electrolysing e.m.f. 

The minimum voltage required for appreciable electrolysis is 
called the decomposition potential . This will vary from metal to 
metal. The value of the decomposition potential clearly depends 
on the electrode potential of the eleotrode in contact with the 
solution of it s salt. This fact is made use of in depositing metals 
hom solutions in which they are mixed. Thus copper and zinc may 
be separated electrolytically. The decomposition potential of 
copper sulphate is 1-49 volts, and of zinc sulphate 2*65 volts, 
using electrodes of copper and of zinc respectively. If copper 
plates are used as electrodes in the electrolysis of this solution, 
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copper only will be deposited if the electrolysing potential is 
less than about 2*5 volts. 

826. Hydrogen Overvoltage. — Theoretically, since the electrode 
potential of lead is — 0*12 volt, when an acid solution of a lead salt 
is electrolysed between lead electrodes, hydrogen should be liberated 
at the cathode, and no lead. Actually, however, lead is deposited 
(of. the lead accumulator). This is because most metallic electrodes 
have to be raised to a higher potential than that indicated in the 
electronegative series in order to enable hydrogen to be liberated. 
This additional voltage is known as hydrogen overvoltage. It varies 
from metal to metal. 4 

The existence of overvoltage explains numerous phenomena. In 
the first place, it explains why the lead accumulator is a practical 
piece of apparatus. If it were not for the considerable overvoltage 
of this metal, lead would not be deposited on the negative plate 
when the cell was charged. If the lead is covered with a layer of a 
metal with* a very low overvoltage, e.g., platinum, and the electro- 
lysis is carried out, no lead is deposited, but hydrogen is liberated. 

Overvoltage is made use of in many electrolytic processes* If 
electrodes with high overvoltages are used in electrolytic reductions 
it amounts to the same thing as enhancing the activity of the 
hydrogen. It is for this reason that lead electrodes are frequently 
used instead of platinum in some organic electrolytic reductions 
(e.y., the reduction of nitrobenzene). 

Although a great deal of research has been carried out on over- 
voltage, no satisfactory explanation of the phenomenon has yet been 
offered. 

Overvoltage occurs also at electrodes at which gases other than 
hydrogen are evolved. 


SUMMARY 

The First Law of Thermodynamics states that mechanical energy 
and heat energy are quantitatively interconvertible. 

In any system, if the decrease in the internal energy is U, the free 
energy energy used in performing external work) is A, and the 
heat tonality is Q 

U « A - Q. 

When Q is positive, heat is taken in by the system. When it is negative, 
heat is given out. 

The Second Law of Thermodynamics states that heat cannot of 
itself pass from a colder to a warmer body. 

The maximum amouat^of work which can be done by a physical or 
chemical change is only obtained when the change takes place reversibly 
(in the thermodynamic sehse). 4 

Thft dfinitv of a rtKamioA.! reaction is measured bv the amount of 
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free energy (A ) available. It is* the maximum external work that the 
reaction may be made to perform. 

The affinity of a chemical reaction may bq obtained (1) by the use 

dA 

of the Gibbs-Helmholtz equation, A «■ U + Tgj? , where A is the 

affinity, U the diminution in internal energy, and T the absolute 
temperature ; (2) from equilibrium constants, using the van’t Hoff 
isotherm ; (3) by applying the Nernst Heat Theorem. 

When a metal plate is placed in a solution of one of its salts it becomes 
charged to a definite potential owing to the tendency for it to pass 
into solution. This potential, which is referred to that on a platinum 
foil in the presence of hydrogen gas, dipping into a normal solution of 
an acid (the normal hydrogen electrode) as zero, is called the “ electrode 
potential.'* It varies from metal to metal. By studying cells made up 
of combinations of electrodes much valuable information can be obtained 
concerning chemical affinity, solubilities of sparingly soluble salts, 
valency, the nature of complex ions, transport numbers of ions, degree 
of hydrolysis of salts, allotropy, etc. 

The deposition of one metal from a solution of its salt by another 
metal depends upon the position of the metals in the series of electrode 
potentials. 


SUGGESTIONS FOR FURTHER READING 
H inshexwood, C. N. “Thermodynamics.” ( Methuen , 1926.) 
Pabtznoton, J. R. “ Thermodynamics.*’ (Constable, 1913.) 


QUESTIONS 

(1) What do you understand by a reversible process in the thermo- 
dynamic sense ? Describe one reversible process, evaluating the 
energy changes at each step. 

(2) What do you understand by chemical affinity ? How would you 
measure the affinity of a reaction ? 

(3) It was the custom to talk of the affinity of one substance for 
another. Is it still possiblo to use these terms T 

(4) Derive the formula for the e.m.f. of a concentration cell without 
transport. Note carefully the approximations made. How do these 
affect the result ? 

(5) What physico -chemical information oan be derived from measure- 
ments of the ean.f . of cells ? 

(6) How would you determine the solubility product of silver 
chloride ? 

(7) Of what interest is a table oi oxidation-reduction potentials 1 
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% COLLOroS AND SURFACE PHENOMENA 

32?. General. — An ordinary solution consists of a solvent and a 
solute. The solute is molecularly dispersed in the solvent, t.e., the 
substance is broken down completely to molecules (and, in some 
cases, still further to ions). In a colloidal solution, the substance 
corresponding to the solute in an ordinary solution is not molecularly 
dispersed, but exists in aggregates of some hundreds or thousands 
of molecules, in the “ solvent ” (better termed, in this case, the 
“ dispersion medium ”). 

A colloidal solution cannot always be distinguished from a 
true solution with the naked eye. The partioles, even though they 
may consist of some thousands of molecules, will pass through a 
filter paper, and cannot be seen under the microscope. A colloidal 
solution, however, is a two-phase system, whereas a true solution is 
regarded as being homogeneous, and therefore oonsists of only one 
phase. 

Since the vast majority of substances have been obtained in 
colloidal solution, it is now customary to use the word " colloid * ? to 
represent a state of matter. ' 

328. Historical Development of Colloid Chemistry. — Graham is 
usually regarded as the founder of the science of colloids. * He 
certainly laid the foundation of the more serious study of the 
subject by his researches on liquid diffusion (1851-61), but many of 
the phenomena he noted and that have been noted since were well 
known very early in the history of chemistry. 

Colloidal solutions of metals were fairly well known at Graham’s 
time. The method of obtaining colloidal gold by reduction of gold 
salts with tin solutions was known as early as 1685, BerzeliUs was 
acquainted with. a number of colloidal solutions. He refers to 
colloidal arsenious sulphide in the words : “ For the present this 
solution is rather to be regarded as a suspension of transparent 
particles, for arsenious sulphide gradually separates out as a precipi- 
tate." He also knew of colloidal silica, which he obtained by the 
hydrolysis of silicon sulphide. silicic acid is obtained in its 
purest form when silicon sulphide is oxidised by water ; hydrogen 
sulphide is evolved as a gas, and the ^-silicic acid dissolves in the 

IIB 
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water. In a more concentrated state the solution soon turns to a 
gelatinous mass.” Sobrero and Selmi, in 1850, gave an elaborate 
account of the preparation of colloidal sulphur, though, of course, 
it was not known by that name. V 

The researches of Graham occupied a number of years, his first 
paper on the subject appearing in 1851, whilst the last was published 
‘ in 1861/ ' Graham compared the rates of diffusion of a large number 
of substances, both inorganic and organic, and considered that 
liquid diffusion could be compared to volatility. He says, “ the 
range in the degree of diffusive mobility exhibited by different 
substances appears to be as wide as the scale of vapour tensions.” 
Certain substances, whilst varying among themselves in diffusibility, 
agree in diffusing much more rapidly than substances falling into 
another class, and they are therefore the “ volatile ” substances. 
These are salts and normal liquids. The other much more diffi- 
cultly diffusible class comprises substances which are difficult to 
crystallise, such as starch, gum, tannin, albumen, gelatine, and glue. 
Graham called the first class crystalloids and the second colloids , 
from the Greek word Kolia , meaning ” glue.” 

The difference between the classes was not very definite. Many 
substances appeared to be on the borderline. Nevertheless, the 
- classification served a very useful purpose in chemistry. 

829. General Nature of Colloids.— Crystalloids are capable of 
diffusing through a colloidal membrane, such as parchment, almost 
as quickly as they can diffuse through water, whilst colloids are 
remarkable in being unable to diffuse through such membranes. 
This fact was noted by Graham, who said that f€ of all the properties 
of liquid colloids, their slow diffusion in water,. and their arrest by 
colloidal septa are the most serviceable in distinguishing them from 
Crystalloids.” 

This property is made use of in dialysis, a process used in the 
purification of colloidal solutions and which will be further referred 
to later {§ 331). 

Graham also noted that “ solutions ” 6f substances which were 
normally insoluble in water could be obtained (p. 665), and thait 
these behaved just like the colloids in many respects. * They 
behaved similarly on dialysis, and often could be set to a jelly or 
coagulated by adding a salt. He used the term “ sol ” for a colloidal 
.solution, and the word “ gel ” for the products of coagulation. 

Ostwald regarded colloidal solutions as essentially heterogeneous 
Systems, consisting of two phases, a disperse phase, which consisted 
of the colloidal particles, whilst the other was the dispersion medium. 
A oolloidei solution of silver in water consisted of a disperse phase 
(the very finely divided silver), and the dispersion medium (water). " 4 
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UolMdal solutions cannot be regarded as an entirely new section 
of the whole range of solution. Actually they are intermediate 
between solutions and precipitates, and there is a gradual transition 
between the two. Colloidal particles may be fairly large, bordering 
on being a precipitate, whilst they may be very small, bordering on 
true solution. It is usual to measure the diameter of colloidal 
particles in m/i. 1 1 /z is 10~ 4 cm., and 1 ro/z is 10~ 7 cm. Colloidal 
particles may be from 1 to 100 mp in diameter. Above the latter 
they are suspensions, and below the former they cannot be dis- 
tinguished from true solutions. 

The degree of dispersion, then, is the characteristic that marks 
out the colloid. Von Weimara has shown that the degree of 
dispersion of a precipitate can be varied at will by correct choice of 
the concentrations of reacting solutions. In this way it is possible 
to make any precipitate into a colloidal solution. The relationship 
obtained by von Weimam is 



8 being the fineness of the particles (smaller the larger the particles), 
8 the solubility of the slightly soluble si\bstance, C is the state of 
supersaturation that would have been reached if the substance had 
not come out of solution, and is the coefficient of viscosity of the 
solution. The work of von Weimam indicates that it is possible to 
obtain in the colloidal state any substance which normally is 
precipitated, and shows that the difference between colloidal and 
ordinary solutions is one of degree only. 

The truth of this statement may be easily tested with the well- 
known barium sulphate precipitate. If barium sulphate is precipi- 
tated in the cold, it is found to be very difficult to filter ; the partieles 
are so small that they pass through a filter paper (a filter paper Will 
usually retain particles as small as 5,000 m/z). If the barium 
sulphate is prepared hot, it is much more easy to filter it cleanly, 
because now the particles are larger in size. The reason for this is > 
that at the higher temperature the solubility of the barium sulphate^ 
is greater and the viscosity of the water less, making 8 smaller. 
It is even possible to obtain a barium sulphate gel, Von Weimam 
states that Uny very difficultly soluble salt will separate as a gel if 
made by mixing sufficiently concentrated solutions, and recommends 
for the preparation of barium sulphate in this state the mixing of 
SN aqueous solutions of barium thiocyanate and manganous 
sulphate* On long standing the gel takes up the ordinary form 
again. 

1 The term w may somet i m e s be met instead of mp, but the latter is the 
form sanctioned by the C he m i c al Society. 
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A similar experiment may be tried with calcium acetate in 
alcohol. Calcium acetate is somewhat soluble in alcohol, but can 
be obtained in the form of a gel by suddenly making a super- 
saturated solution of it in alcohol. This is done by making a 
saturated aqueous solution of, calcium acetate. 10 C.c, of this 
solution are taken and mixed by tossing from one beaker to another 
and back again, with 90 o.c. of 95 per cent, alcohol. A jelly sets at 
once.' Acetone may be substituted for alcohol. For the success of 
this experiment it is absolutely neoossary to have the aqueous 
solution of calcium aoetate saturated. This process is one of those 
used for manufacturing solidified alcohol, employed as a patent fuel. , 

330. Classification of Colloids. — Colloidal solutions are referred to as 
sols . If the dispersion medium is water, they are called “ hydrosols,” 
or sometimes “ aquasols.” If alcohol is the dispersion medium, the 
colloidal solution is called an “ alcosol.” 

Strong solutions of certain colloids set to a jelly. This is called a gel 

Sols are frequently subdivided into lyophobic (solvent-hating) and 
lyophilio (solvent-loving) colloids. The first class includes those 
sols which are readily precipitated from solution, and which then do 
not pass back into colloidal solution on addition of the dispersion 
medium. Thus a silver sol, once coagulated, cannot be made to 
revert to the colloidal state merely by the addition of the dispersion 
medium. It can, however, be re-obtained in colloidal solution by 
the process of peptisation (§ 332). The lyophobic sols are sometimes 
oalled also “ irreversible sols.” On the other hand, the lyophilic sols 
are reversible. Gelatin, gum arabic, and starch are colloids of this 
type. They are much more stable than lyophobic sols, and are not, 
therefore, easily precipitated. They will easily revert to the 
colloidal state after precipitation, on adding the dispersion medium. 

Ostwald 1 drew up a list of all the possible colloidal solutions, which 
is embodied in Table CVIII. 

t It has already been stated that a colloidal solution containing 
separate particles, such as a colloidal solution of gold or silver, is 
* called a sol. In addition to the classification into lyophilic and 
lyopbobio sob, true colloidal solutions may be divided into two 
classes, (a) colloidal electrolytes, and (6) non-electrolytic colloidal 
solutions. 

The class of colloidal electrolytes is very interesting, and may be 
best illustrated by considering the soaps. If one of the higher fatty 
acids, such as palmitic acid, is added to water it will form a very 
thin film on the surface of the water. The carboxyl group has an 
affinity -for water, and is called “ hydrophilic,” whereas ifee hydro- 1 

* 1 Wolfgang Ostwald, son of Wilhelm Ostwald (who propounded the 
Dilution Law, etc.). * 
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Table CVIII. — Colloidal Dispersions (Ostwald) 


Dispersion 

Medium. 

Dlspene 

Phase. 

Name. > 

<* 

Gas. 

Gas. 

Liquid. 

Solid. 

No colloidal dispersion, Perfeot mixture 
always. 

Sr 4 ' -“v-* 

Liquid. 

Gas. 

Liquid. 

Solid. 

Foam * 

Emulsion V. 

Colloidal suspension / 

Solid. 

Gas. 

Liquid. 

\ Solid foam. 

| Colloidally dispersed crystal inclusions. 

; Solid emulsion. 


Solid. 

Colloidally dispersed eutectios. Solid sols. 1 


carbon residue attached to it is said to be “ hydrophobic,” since it has 
no affinity for water and tends to separate itself from it. The 
molecules will therefore orient themselves on the surface with the 
carboxyl groups in the water and the hydrocarbon residues sticking 
out from it. 

If, now, caustic soda is added, a sodium salt — a soap — is formed. 
Palmitic acid is not dissociated to any extent, whereas the sodium 
salt is. The sodium ions are pulled into the water and escape, and 
the attraction of the sodium ions for the palmitate ions pulls the 
latter so strongly that they cannot remain on the surface, but arc 
pulled beneath. They do not, however, lose their oily nature 
entirely, but form oily aggregates, each of which is called an “ ipnio 
1 micelle.* 1 Thus, we have a colloidal solution containing sodium ions 
in true solution, and aggregates of palmitate ions. This is knowp 
as a colloidal electrolyte. Colloidal solutions of such substances 
are easily made. No special process is necessary, since the solvent 
itself causes the dispersion. 

Many dyes are colloidal in nature, and frequently behave as 
colloidal electrolytes, being dragged into colloidal solution by some 
powerfully ionised part of the molecule. 

381. Dialysis. — The observation of Graham that colloids were 
unable to pass through a oolloidai membrane, is made use of in 
separating a colloid from a crystalloid. It must be emphasised 
that the membrane used in dialysis is Quite distinct in its properties 
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bom the semi-permeable membrane used in experiments on osqjtotlft 
pressure, The, ordinary dialyser oonsists of a vessel open %t both 
ends ; one end can be covered by a parchment paper. A suitable 
vessel can be made by removing "the bottom from a wide-mouthed 
bottle by means of a hot wire. The parchment should be moisten^ 
before being tied to the vessel. The dialyser is nearly filled with 
the colloidal solution and suspended in a vessel containing distilled 
water. The crystalloid gets through, leaving the colloid behind. 

A suitable dialyser is also easily made entirely of parchment by 


ffftOM T»P 



* Fio. 195. — Dialyser. A 

folding a moistened sheet of it round a bottle and allowing to dry. 
The parchment bottle will be found to retain its shape. A cord can be 
, tied round it, and when filled with colloidal solution it may then, be 
suspended in distilled water by means of the cord. A simple form 
of dialyBer can be prepared by making a purse-like bag of parch- 
ment paper and suspending it as shown in Fig. 195. 

Many other membranes are suitable. Recently the use o^celio- 
phane has been advocated. Collodion dialysers are also readily 
made by taking a test-tube and dipping it in collodion solution and 
lowing it to dry. The akin of collodion can then be slipped off. It 

jfl kkftbir tn talm a. Rnfhlflt AxtaA/ttirwi iJiimbbi «mri warm k vifli 
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warm water, leaving no excess. Then pour into it some collodion 
solution. Pour it out again and allow to dry. Then repeat to get a 
second layer. 

Membranes of cellulose acetate have been used satisfactorily. 

An interesting experiment on dialysis can be carried out by 
making a thin starch paste and putting it in a dialyser. Test the 
dialysate for glucose by means of Fehling’s solution, and for starch 
by means of iodine. Now add to the starch some diastase and 
continue t6 test from time to time for glucose and starch in the 
dialysate. The action of the diastase converts the starch into a 
crystalloid — glucose, which will now come through the dialyser. 

332. Peptisation. — If freshly prepared ferric hydroxide is treated 
with a small quantity of ferric chloride solution, it immediately 
forms a colloidal solution of a dark reddish-brown colour. The 
ferric chloride which has caused this dispersion is called a “ peptising 
agent 9 ’ and the process is called “ peptisation." If all the ferric 
chloride is removed, the sol precipitates. 

A similar colloidal solution is obtained with aluminium hydroxide 
by adding very dilute hydrochloric acid to the freshly prepared 
hydroxide. The amount of acid added is quite insufficient to form 
aluminium chloride. Stannic hydroxide sol is easily prepared by 
the addition of a solution of sodium stannate to one of sodium 
bicarbonate, washing the precipitate and suspending it in water, 
and then adding a small amount of ammonia. 

In all these cases an electrolyte is neoessary for the formation 
of the colloidal solution, and the stability of the substance depends 
on the adsorption of ions at the surface of the colloidal particles. If 
these are thoroughly washed with distilled water, the electrolyte 
ean be removed and precipitation ensues. A lyophobic sol may be 
brought back into solution after coagulation by the process of 
peptisation (§ 330). 

It may be mentioned that the reverse behaviour is sometimes met 
with. Washing a precipitate repeatedly with distilled water some- 
times brings it into colloidal solution. An example is the formation 
of vanadic acid sols (p. 668). * 

The behaviour of colloidal solutions with electrolytes should be 
compared with peptisation (§ 330). 
s/ 333. Preparation of Colloidal Solutions.— Many organic sub- 
stances such as gum a^abic, gelatin, starch, etc., form, colloidal 
solutions merely on dissolving in water. These are the lyophilio 
colloids (§ 330). The same is true of colloidal electrolytes, such as 
the soaps, and some dyestuffs. 

There are two general methods of making lyophobic sols! The 
first is the condensation method, in which molecularly dispersed 
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particles are built up. The second is the reduction method, in which 
material in the mass is broken down into colloidal particles. 

In describing the various methods under each class, experimental 
details will be given of the methods of preparation of certain common 
colloidal solutions, and the student is recommended to carry these 
out practically, if possible. 

In the preparation of colloidal solutions it is necessary that all 
vessels used should be thoroughly clean, and that the materials used 
should be pure. It will be Rhown later that precipitation of a colloid 
is readily occasioned by addition of an electrolyte (§ 339). Hence 
the necessity of using materials which are known to be pure. The 
thorough cleansing of vessels is best carried out by steaming them 
out. 

I. Condensation Methods . — (a) Reduction . — This is the usual 
method for preparing colloidal metals. An example is the forma- 
tion of colloidal gold, or silver, by reducing a solution of a salt of 
the metal, much diluted, with a reducing agent, usually organic, 
since these do not produce ions which are inimical to colloid 
formation. 

Zsigmondy prepared colloidal gold by first making a solution of 
chlorauric acid, HAuC1 4 .3H 2 0, containing 6 gms. per litre, and also 
a solution of potassium carbonate, 0*18 normal. 1,200 C.c. of twice 
distilled water were heated, and 2-5 o.o. of the gold solution, and 
then 3*5 c.c. of the potassium carbonate solution were added. The 
mixture was stirred and heated to 100° C. It was removed from the 
source of heat, and 1 *0-3*0 c.c. of 0*3 per oent. formaldehyde added 
with stirring. A gold sol was thus produced. 

Von Weimam used Rochelle salt for reducing gold chloride. 
30 c.c. of 0*1 per cent, gold chloride solution were added to 400 c.c. 
of boiling water. Then about 2 o.o. of 0-05 M Rochelle salt were 
added drop by drop. The boiling was continued, and after about 
one piinute blue gold appeared, which afterwards changed to red. 

Ostw&id reduced gold chloride with tannin and obtained a good red 
gold solution. To 100 c.c, of distilled water a few drops of 0*1 per 
cent, gold chloride solution were added, the latter having been care- 
fully neutralised with the calculated amount of potassium carbonate. 
A few drops of a 0*1 per cent, solution of tannin were added. Oh 
warming, a cherry-red colour appeared, which could be deepened by 
adding more gold chloride and tannin. Tannin has qome protective 
action (see Protection of Colloids, p. 686) and therefore the colloid 
will remain suspended longer than some others, especially if a few 
drops 0 chloroform are added to prevent the growth of mould. 

Collmdal silver may be prepared as follows : To 5 c.c. of 1 percent. 
nitrate solution, very dilute ammonia is added drop by drop 
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until the precipitate just disappears. Dilute to 100 e.o., mix with 
0*4 c.e. of a 0*5 per cent, solution of tannin. By varying the pro- 
portions and the temperature at which the mixing is carried out, 
sols of various colours may be obtained. 

, Carey Lea’s silver sols will be dealt with later (p. 687). 

Colloidal lead, which is of interest in the treatment of cancer, 
has been prepared. Colloidal platinum may be obtained by the 
following 1 method. 500 C.c. of chloroplatinic acid (0*1 per oent. 
solution) are made slightly alkaline with potassium carbonate. 
The solution is boiled, and then the flame is removed, and 2 to 
4 c.c. of 33 per cent, acrolein added. A yellow sol is first formed, 
which gradually changes to black. 

(6) Oxidation . — Colloidal sulphur may be prepared by the oxida- 
tion of hydrogen sulphide. If hydrogen sulphide is passed into a 
solution of sulphur dioxide in water until nearly all the odour of 
sulphur dioxide has been removed, the solution is found to contain 
sulphur, which will pass through a filter paper. The best way of 
dealing with this is to precipitate it all by boiling with sodium 
chloride, and then filtering. The precipitate is washed on the filter 
paper with distilled water until all sodium chloride has been removed. 
At the end of this process the sulphur begins to run through the 
paper, forming a fairly stable colloidal solution. 

A good way of preparing a stable sulphur sol is to make solutions 
of well- washed hydrogen sulphide and sulphur dioxide. The strength 
of each solution is determined volumetrically, and the stoiohio* 
metrical amount of sulphur dioxide is added to a given volume of 
hydrogen sulphide solution. 

Acidified sodium thiosulphate forms colloidal sulphur, but the 
sol is not very stable owing to the presence of electrolytes. 

(c) Exchange of Solvent . — It is a general rule that if a substance A 
is soluble in B, but is insoluble in C, A will be thrown into suspension, 
usually colloidal, when a solution of A in B is added to an excess of 
C, the two solvents being miscible. 

A sulphur sol can be made by adding a saturated solution of 
sulphur in alcohol to water. Phosphorus may also be obtained in 
qplloidal solution in the same way. A good method of preparing a 
gamboge sol is by dissolving the substance in alcohol and then 
mixing with an excess of water. 

A similar method is to decompose a complex salt, such as the 
complex potassium silver iodide obtained by dissolving silver iodide 
in an excess of potassium iodide, by adding much water to it. The 
silver iodide is then obtained as a sol. 

(d) Hydrolye is . — This .is the usual method for nrenannff oxide 
and hydroxide sols. 
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To prepare a sol of ferric hydroxide (or more accurately hydrated 
fejric oxide, the amount of hydration being uncertain), the addition 
of a few cubio oentimetres of concentrated ferric chloride solution 
to much water (boiling) may be used. 

FeCl 3 + 3H 2 0’^± Fe(OH) 8 + 3HCL * 

To ensure stability it is advisable to dialyse the product, but if 
all the hydrochloric acid is removed it becomes unstable** owing to 
the peptising action of the acid. 

Zsigmondy prepared colloidal stannic acid by a similar method. 
A solution of stannic chloride is diluted so much that hydrolysis 
occurs. Wash, by decantation, and peptise by means of ammonia. 

Biltz prepared vanadic acid sols by the action of hydrochloric acid , 
on ammonium vanadate. Five grams of ammonium vanadate are 
grdund with a few drops of strong hydrochloric acid in a mortar. 
The product is suspended in water and filtered. The precipitate is 
washed well until it will pass through a filter paper, giving a red sol. 

(e) Double Decomposition . — In many reactions where a precipitate 
might be expected, a colloidal solution results, and if special care is 
taken this may always be made the result. The application of von 
Weimarn’s rules dealing with supersaturation gives us the correct 
conditions for this behaviour (§ 329). 

Colloidal arsenic sulphide is readily prepared by making a 1 per 
cent, solution of arsenious oxide in hot water. The solution is 
cooled and filtered. To 200 c.c. of water saturated with hydrogen 
sulphide the solution of arsenious acid is added gradually, whilst 
a stream of hydrogen sulphide is passed through the solution. This 
is continued until an intense yellow sol is formed. The excess of 
hydrogen sulphide is removed by boiling or, better, by passing a 
stream of hydrogen through the solution. 

Similarly, antimony trisulphide sols may be prepared. A 0*5 per 
cent, solution of tartar emetic is dropped from a tap funnel into 
water saturated with hydrogen sulphide and through which hydrogen 
sulphide is passed. A beautiful orange coloured sol of good per- 
manency may thus be made. 

An unusual colloid is manganese dioxide. Potassium perman- 
ganate, although a powerful oxidising agent, is slow in reacting 
with many substances. It will slowly react with ammonia to give 
nitrogen and manganese dioxide, the latter being formed 4 in the 
oolloidal state^ Cuy recommends the following procedure : Heat 
a 100 solution of potassium permanganate to boiling, and while 
stirnng add strong ammonia solution, one dibp every three minutes. 
There should never be a great excess of ammpxua. Keep the solution 
at about 90° C. It* turns win! red* and Tbjally coffee brown by 
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transmitted light, and a bluish -brown oily colour by reflected light* 
To test if all the permanganate has beer, reduced, some of the 
colloidal solution may be coagulated by means of common salt. If 
there is any violet colour there is still some unchanged permanga- 
nate. The formation of colloidal manganese dioxide is apt to be a 
nuisance in the Volhard method of determining manganese volu- 
metrically; Silica sol is easily prepared by the addition of acid to 
sodium silicate solution (water-glass). Commercial water-glass is 
fluted to a density of 1*16. 75 C.c. of the mixture are taken and 
25 c.c. cone, hydrochloric acid and 150 c.c. water added, and the 
whole is dialysed. If the dialysis is carried too far the gel, in which 
colloidal silica usually exists, may form. 

Silica gel can be made by mixing hot (50° C.), with constant 
stirring, a solution of hydrochloric acid containing 10 per cent, by 
weight of the gas, with an equal volume of sodium silicate solution 



of density about 1*185. The mixture sets to a gel in about an hour, 
« and is then broken up into small pieces and washed free from. acid 
and salt. The washing water may be used hot to hasten the process. 
In drying, the water must be removed slowly. This is accomplished 
by passing a stream of air over the gel at 75° 0. and increasing the 
temperature to 120° C., after which the temperature is slowly raised 
to 300° G , The £nal product is hard and transparent, something like 
glass in appearance. It is largely used, when activated by heating 
in air at a moderate temperature for a few hours, as an adsorbent of 
gases, and a dehydrating agent. It is used for drying the blast in 
iron smelting ; it is the only cheap drying agent which can be qsed, 
and dehydrated on faking, an ’unlimited number of times (calcium 
chloride loses hydrogen chloride on heating after absorption of 
water). It may also be used for adsorbing colouring matters and 
other substances from solution, in a similar way to animal charcoal 
II. Dispersion Methods, — (a) Bredig*s Arc Method .— This process 
consists in strilon^an arc beneath conductivity water between twe 
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wires made of the metal to be dispersed. In preparing gold and some 
other sols, however, it is found advantageous to have in the solution 
a" trace of sodium hydroxide or potassium carbonate. The vessel 
in which the dispersion takes place may be cooled in ice. 

Svedberg prepared metal sols of sodium, eto., in inflammable 
liquids, using an oscillatory discharge, produced by passing the 
discharge from an induction coil provided with a condenser, through 
the metal in contact with the liquid. Svedberg states that in the 
formation of sols hy the electro-dispersion method the metal is first 
vaporised, and the sudden cooling of the vapour gives rise to the 
colloid. It is usually found that the sols are contaminated with 
some oxide if formed in water. 

(6) Mechanical Dispersion . — Comparatively recently “ colloid 
mills ” have been devised for grinding solids into particles of colloidal 
size. Actually they fail to do this completely, only a few of the 
particles formed being of colloidal diameter. The principle of the 
colloid mill is, in general, that the substance to be dispersed is 
suspended as a coarse precipitate in the dispersion medium and the 
liquid is then passed through a channel in which are two plates close 
together, rotating at high speeds (about 7,000 revolutions per 
minute) in opposite directions. 

(c) PepHsation. This has already been mentioned (§ 332). Glue, 
gum, gelatin, etc., are soluble in water and give colloidal solutions, 
but actually they are peptised by the water. 

A Prussian blue sol may be prepared by the process of peptisation. 
A 3 per cent, solution of potassium ferrocyanide is poured slowly 
into a 3 per cent, solution of ferric chloride. After a few minutes the 
precipitate is filtered off and washed well. A 5 per cent, solution of 
oxalic acid is then poured through the filter until the precipitate is < 
peptised. Then the sol is dialysed to remove oxalic acid. The sol 
is quite stable. 

334. The Molecular Weights of Colloids.— The osmotic pressures of 
colloids are very small, but have been measured, and give very high 
figures for the molecular weight. The difficulty in this type of 
determination is not only that the effect is small, but that the pie* 
sence of small amounts of electrolytic impurities would have a 
comparatively great effect on the osmotic pressure. The presence 
of tyOS per cent, sodium chloride would halve the apparent molecular 
weight of haemoglobin, which is about 66,000. This objection applies 
to osmotic pressure methods, direct and indirect, but not to others, 
such as sedimentation and diffusion. Various other methods, such 
s as depression of the freezing point, determination of coefficient of 
diffusion* and sedimentation, have been used for the determination 
of molecular weights of colloids, and in every c^se a high value is 



MOLECULAR WEIGHTS OP COLLOIDS 


671 


obtained. The results of some experiments on this question are 
v given in Table CIX. 


Table CIX. — Molecular Weights of Collotds 


Substance. 

Method Employed. 

Molecular 

Weight. 

Gelatin . 

Glue 

Gum arabic 

Albumen . 

Horse serum albumen 
Tungstio acid . 

Osmotic pressure . 

M «* • • • 

»» »> • • • 

»» *» • • • 

tt it • • • 

ft »» « • • 


Starch 

Albumen . 

Ferric hydroxide 

Silicic acid 

Tannin . 

Depression of the freezing point 

tt tt tt tt 

IS if ♦> tf 

tt tt tt tt 

tt tt , tt tt 

26,000 

14,000 

6,000 

6,000 

1,100 

Invertase 

Emulsin 

Albumen . . 

Pepsin 

Coefficient of diffusion . 

t$ tt • • 

tt tt • • 

>» tt • • 

■ 

Haemoglobin . 

Egg albumen . 
Seium-globulin. 
Hiemocyanin . 

Sedimentation 

tt * • • 

tt • • • 

*t • • • 

66,800 

34,600 

103,800 

4,930,000 


The coefficient of diffusion method has been studied and applied 
by Herzog. The diffusion coefficient D can be shown to be given by 
the equation 


( 1 ) 


D-™ _L_ 

N ' 6nrr) 

where N is Avogadro’s number, r the radius of the particle, and 
i} the coefficient of viscosity of the medium (p. 679). If it is assumed 
that the particles are spherical, then tbe molecular volume Mv is 
given by 


M v 




. (*> 
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where v is the volume of 1 gm . (*\e., the reciprocal of the density), 
and M is the molecular weight. Substituting the value of r obtained 
from this equation, in equation (1) we have 
„ 1 YRT\* 1 

i 16 2ir 2 N*' \rjDJv' 

This avoids the determination of f , and was the form of the equation 
used. 

Move recently the method of sedimentation has been employed 
by Svedberg. 

This method is really based upon the fact that the size of a particle 
can be determined by the rate with which it falls through a medium 
(gaseous or liquid). This rate is called the velocity of sedimentation^ 
An equation connecting the velocity of sedimentation with ti^p 
particle size and the viscosity of the medium was first given by 
Stokes (see also the determination of the charge of the electron by 
Millikan, in which the size of oil drops was determined by applying 
a modified form of Stokes’ equation, p. 70). This equation may be 
expressed in the form 

r *= 

Vr ( p P —pd)9 

* where r is the tadius of the particle, rj the viscosity of the liquid, v the 
velocity of sedimentation, p p the density of the particle, p d the 
density of the liquid, and g the acceleration due to gravity. The 
equation holds only for spherical particles falling freely (not near a 
wall). 

The force of gravity is not sufficiently great to enable the size of 
very small particles to be determined by sedimentation. The force 
producing sedimentation can, however, be artificially increased by 
^using a centrifuge. * In the cose of a particle falling freely through 
a medium under the action of gravity, two opposing forces act on 
the particle, the force of gravity and the frictional force which 
depends upon the viscosity of the medium through which the particle 
falls. In the case of the centrifugal force, this takes the place pf the 
foroe of gravity, and the equation obtained is 






* 2 ' — p„)cu*< 

In this equation x, and x, define the positions of a partiolsnoefore 
and after falling ; thus Xj — x, is the distance through which the 
particle falls ; <■» is the angular velocity qf the centrifuge, and I is the 
time occupied in falling. ’ ffi* other symbols have the 
as before. 



THE ULTRA-CENTRIFUGE 673 

We are not so much concerned with, determining the actual sir- 
of the particles, as in determining their molecular weights. F< 
this, Svedberg derives tke equation * 

M ^ RT log, (x 2 /x x ) 

D( 1 — Vp d )toH 

where D is the diffusion coefficient, V the partial specific, volume < 
the solvent, and M the molecular weight of the particle. 

In using this equation, D has to be determined separately l hi 
it is better to use the sedimentation equilibrium than the sediment! 
tion velocity, as has just been done. After a time, an equilibriui 
will be reached, which in ordinary cases, where gravity only is th 
acting field, is governed by the equations mentioned in § 338. 

Where the field is not due to gravity, but to the centrifugal fora 

2RT log, (c t /c t ) 

In this equation c l and c 2 are the concentrations of particles a 
points situated x x and x 2 cms. from the centre of rotation, and th 
other symbols have their former significance. 

All that is necessary, then, to determine the molecular weight c 
the colloidal particle is to determine the relationship between th 
concentration of particles at two levels for a given speed of th 
centrifuge* the temperature being constant and known. 

This equation has been used with considerable success by Svedberg 
who devised an ultra-centrifuge for the purpose. 1 It could rotat 
at speeds up to 44,000 r.p.m., and could provide a field of fore 
8,000 to 110,000 times the force of gravity. The axis of rotatio 
was horizontal. During the centrifuging, photographs of the cel 
containing the colloidal solution were taken at definite interva 
on the same plate and with the same exposure. If a sedimentatio 
equilibrium was to be, studied, only those photographs taken whe 
equilibrium had been reached would be of use, but the others woul 
indicate whether equilibrium had been attained. After the centr 
fuging the cell was filled with the colloidal solution of difleret 
concentrations, and these were photographed on the same plate c 
before, with the machine running, in order to provide standards f< 
judging the concentrations at various levels in the actual exper 
ment, After the plate was developed, the intensity, of blackenm 
wag investigated by means of a spectrophotometer, and from thee 
observations a curve could be drawn connecting concentration c 
the particles with the distance |rom the centre of rotation. 

1 A full description of the instrument osnnot be given here ; the student 
recommended to see Svedberg, u Colloid Cheaustry,” Chemical CtUak 
1SSA. nn. 146-180. 
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There is no doubt that this method of determining the moleoular 
Weights of oolloids is more free from objections .than others. The 
method can be applied to finding the size of any small particles, and 
for this reason in the early part of this discussion (p. 672) the theory 
was not confined to colloidal particles alone. 

The Svedberg sedimentation method has given very valuable 
information concerning the molecular weights of proteins. All 
stable native proteins may be grouped into two classes according to 
their molecular weights : (1) Those with very high molecular 
weights, of the order of a million, such as hsemoeyanin ; the haemo- 
oyanip of snail's blood (Helix pomatia) has a molecular weight of 
nearly five million ; (2) those with a molecular weight of 34,600 to 
207,000. These can be further subdivided into four groups, the 
molecular weights of the substances in each group being 1, 2, 3 and 6 
times 34,600 respectively. Thus, egg-albumen has a molecular 
weight of about 34,500 ; haemoglobin, about 68,000 ; serum- 
globulin, about 103,800 ; phycocyan and phycoerythrin, from algae, 
about 208,000. The molecules of the first and last sub-groups are 
known to be spherical, and have a radius of 2*2 and 4*0 mp respec- 
tively. The molecules of the other sub-groups are not spherical. 
The p H of the solution is a deciding factor in the molecular weight of 
proteins. The haemocyanin of the snail is only stable between p H 
values of 7-3 and 4*3 ; outside this region, the moleoular weight falls 
from 4,930,000 to 100,000. When the more complex protein 
molecules are degraded by chemical action, they give molecules of 
molecular weight 34,500 or Borne small multiple of this value. It 
would appear, then, that the molecular weight, 34,500, is a funda- 
mental figure for proteins, and it has been suggested by Astbury 
that this “ unit ” molecular weight is that of a single protein chain, 
and that the 2, 3 and 6 multiples of this weight found in the four 
sub-groups just mentioned are crystallographic combinations due 
to the existence of 2-fold and 3-fold axes of symmetry. The value 
34,500 is the approximate molecular weight of a single peptide 
chain* 

The proteins mentioned above give definite, reproducible values 
for the molecular weight. They are called “ monodisperse M 
systems ; apparently all the particles have .the same molecular 
weight. There are, however, some proteins, suoh as gelatin and 
casein, of which the particles vary in size. The molecular weight 
of gelatin varies from 10,000 to 70,000/ Such systems are said to 
be “ polydisperse.” * 

885. The Investigation of Colloidal Solutions by Means of the 
Ultra-imcroscope.— dt will never be possible to see atoms or mdle- 
onles. or even colloidal nartinlea. bv means of the best mieroacone. 
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since it is impossible to get clear linage-formation of objects smaller 
than the wavelength of the light employed. Tyndall, howevef, 
found that small particles were able to scatter light, and that the 
zone of scattered light was much larger than the particle itself, and 
could be seen in the microscope, or sometimes even by the naked 
eye. r The same effect is noticed when a sunbeam enters a foom. 
The atmosphere does not ordinarily appear to be dusty, but when 
the beam shines through, the dust particles are shown up. A 
colloidal solution when illuminated by a narrow beam of light appears 
opalescent when viewed at right angles to the beam. This opal- 
escence is not found with pure water, 1 and is due to the scattering of 
the light by the very small colloidal particles. Under the mioro- 
scope the actual zones of scattered light can be seen. , 

This principle was used by Siedcntopf and Zsigmondy in 1903 for 
the construction of an instrument called the “ ultra-microscope.” 
The arrangement of the instrument is shown in diagrammatio form 
in Fig. 198. A strong beam of light from an arc lamp, or other 
powerful source L, passes through a slit S, and is condensed by 
a system of lenses so as to come to a focus in a cell con- 
taining the colloidal solution. This cel} is placed on a micro- 
scope stage and viewed through the microscope in the ordinary 
w%y. Of course, the actual contours of the particles cannot 
be seen ; they just appear as bright spots against a dark 
background. But at least the number of particles can be counted, 
and more recently it has been possible to decide the shape of the 
particles roughly. Suppose that in an experiment n particles were 
found in a field of view of volume v c.c., then, if ,the sol contains 
b grams per cubic centimetre (determined by eyapCration and 
weighing) of the dry substance, of density d, the mean radius r of 
tho particles will bo given by 

8 /~36ir 
4nmd 

This assumes two things. First, that the particles are spherical, 

1 It has been stated by Sohade and Lohfert (1930) that the purest water, 
when sufficiently strongly illuminated, and viewed in the manner indicated 
above, does show a Tyndall beam. Especially is this so when ultra-violet 
light is used. The phenomenon cannot be explained as due to impurities, and 
the suggestion is made that it is produced by the existence of a certain small 
fraction of the water in a highly associated condition. It should also be noted 
that all transparent solids* liquids and gases scatter light, even when perfectly 
flee from suspended dust, etc. The scattering agents are the molecules them- 
selves (see Raman spectra, g 377). The phenomenon is, however, quite 
different frbm the Tyndall beam* in which a few localised scattering , agents 
are visible as discrete bright spots. It is necessary to bear in mind this 
difference between the s AA -^' Ar * no> kv oniini^i uul nthAr fin a nartidM. 

by molecules. 
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and, secondly, that the density of a siibstano© in the dolloidal condi- 
tion is the same as that in bulk, and there is no proof that this is so. 

The limit of visibility in the ultra-microscope' depends upon the 
optical nature of the colloidal particles apd of the dispersion medium. 
It is found that colloidal metals give the best results, and can be 
detected down to a diameter of 0 x 10~ 7 cm. Organic particl^ can 
only be seen down to 4 x 10* 6 cm. 

Particles which are invisible even to the ultra-microscope are 
f called amicrons. 

In 1915, Freundlich and Diesselhorst found that it was possible 
to distinguish between spherical and non-spherical (or rod-like) 
particles in the ultra-microscope. Vanadium pentoxide and benzo* 
purpurin form rod-like particles, which give a peculiar streaky 
appeaiance when they are stirred, and become doubly refracting 


* < 
L 




S 

Fig. 198. — Arrangement of Ultra-microscope. 


when flowing through a tube. The anisotropy is due to the rods all 
moving in one direction, with their axes in line, like a raft of logs 
floating down a river. This should be compared with the behaviour 
of liquid crystals (p. 279). 

By examining various sols, Freundlich and Diesselhorst showed 
that those of gold (red), silver, platinum, arsenic sulphide and 
gamboge were spherical. The particles of aged ferric oxide and 
blue gold sols were disc shaped, whereas vanadium pentoxide, 
tungstic acid, and many colloidal dyestuffs gave rod-like particles. 

Many colloidal particles have been shown by direct experiment 
with Z-rays to be crystalline in nature, but, according to Kohl- 
echutter’s work, a large number of substances tend to have particles 
of definite form and shape, and yet are not crystalline. These are 
called “ somatoids.” 

$36. The Colours of Colloidal Solutions.— The colour of a sol will 
depend on its particle size, for upon this depends the nature of the 
light scattered by $he particles. Like the colour of the sunset, the 
colour of colloidal solutions is due to light scattering. It should be 
possible, therefore, to Calculate the size of particle required to give 
a certain colour, assuming that the particle is spherical in form. 
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f r ' * * , * , ' 

This has been dond by Mie, and His results have been verified 
experimentally by Sehaum with silver sols, and, by Feiok with 
mercury so|s. There is satisfactory agreement between tfato calcu- 
lated and observed results, but this is not always the case. 

* The colour in many other cases is decided also by the shape of the 
particles, and at present no calculation has been made which takes 
this into account. Frequently, the specific absorption of light by 
the colloidal particles is of greater importance than the scattering 
in determining the colour. 

337. The Brownian Movement. — In 1827 the botanist Robert 
Brown discovered that grains of pollen placed in water moved about 
ceaselessly. The cause of this motion was not suspected for many 
years, being at first ascribed to convection currents in the liquid. 
When colloidal solutions were examined under the ultra-microscope 



Fig. 199. — The Brownian Fig. 200. 

Movement. 

it was found that the particles in these solutions too were in constant , 
motion, traversing no definite set path, but going in zig-zag directions 
all over the field of view. It was shown as the result of work by 
Wiener (1863), Ramsay, Delsaulx and Carbonelle, Gouy (1888) and 
others that the motion was independent (or nearly so) of the nature 
of the colloidal particle, but was more rapid the smaller was the par- 
ticle., and the less viscous the solution. Wiener was the firpt to 
state that the movement was due to molecular motion. The small 
colloidal particles are knocked about by Collision with the molecules 
of the dispersion medium. 

At first sight it would appear difficult to make any Accurate 
observations on the motion', whioh is so haphazard. However, it 
is possible to calculate what the probable displacement of a 
particle will be after a given time. This, displacement' may be 
conveniently measured as a projection oa any Axis we may choose > 
to take, A (see 1% 199). _ 

Take now a cylinder of the sol <$f area of cross-qpction a (Fig- 200). 
Consider a plane P in it, amg 1st the eonoentratijm of sol be e, at % 
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* * t 

distance A to the left of P (♦.«., at the planq Q) and c t at a Similar 
distance to the right of P (i.e. t at the plane R). We shajl consider only 
the components of the particles parallel to the x-axis, as we wish to 
balculate the number of particles which will cross fromene side of the 
plane P to the other in the small time t. Let the mean value of t]}6 
displacements parallel to the x-axis in the time t be A, The particles 
arriving at P from the left are only those whose distance from the 
plane P is less than A. Moreover, only half of these mfcy be taken 
as moving towards the plane, since by probability half of them will 
be moving in the opposite direction. Similarly for those moving 
from the right across P. The number of particles crossing P in 
time t is therefore 

JaA (mean concentration in region PQ — mean concentration in 
, region PR), 

(l) 


dc 

The value of the concentration gradient,— , is given by 


— _ (fij - Cj) 

2 £— 


( 2 ) 


Hence, substituting for (c 1 — c a ) in (1), the number of particles 
crossing P in one second is 


_ £2 (k 

H- dx 


( 3 ) 


, Now, the diffusion coefficient D is defined as the number pf particles 
passing in unit time across a plane of area 1 sq. cm., the concentra- 
te 

tion gradient being unity. Hence, putting a =* 1, and — = 1, we 

dx 

have i 




_A S 

t 


W 


Hence, the square of the mean displacement of the particles, A 9 , is 
proportional to the time t, during which the displacement occurs. 

It is possible from this to deduce a relationship between the 
coefficient of, diffusion, the size of the particles, and the viscosity of 
the liquid. The derivation is due to Einstein. If the velocity of 
the moving particle is fc is the force causing its motion and F the 
fictional resistance 
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4 * , 

** * 

a* <» muiuwuu mi wiididered of oonoeiitration c gm.-mois. per unit voL* 
we have for tiie diffusion across a given plana 


1 K 


where K is the total force acting on all the particles, and N ii 
Avogadro’s number (cN will be the number of particles in* uni 
volume, since N is the number of molecules in 1 gm.- molecule). Th< 
force acting on the particles is the gradient of osmotic pressure, ?, 

••• *--£ 

The relationship between the pressure P and the concentration i 
is approximately 

P = RTc . 


Hence, 


K = — RT- 


Substituting for K in (5), we get 

RT dc 

* , ttc = — Trrrf • -r (7 

NF dx,' ' ' 

The relationship between the frictional resistance F to the motiox 
of a particle of radius r, iu a liquid of viscosity q, is 

F tm Qmjr ......... (8) 

Substituting this value of F in (7), we have * 

RT do m 

* ^ GirqrN dx 

uc is the amount of substance passing through unit section in unit 
do y 

time ; when — — is equal to unity, this quantity uc is the diffuaioi 
dx f 

coefficient D. Hence 


. 6t rqNr 

W 6 can now substitute this value of D in (4), obtaining 

RTt 




Now, all the quantities can be measured in this equation exoept JV 
and hence the method can be used for determining Avo^ddro's 
number. 

This equation has been tested by Perrin and others, whose results 
are given in Table OX. 
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Tabu CX.— Values of Avogadro’s Numbeb from Experiments 

BASED ON THE BROWNIAN MOVEMENT 


Nature of Colloidal Solution. 

Radius of 
Particles in p. 

N x 10-*V 

Gamboge in water .... 

0-367 

M 

6-9 

Gamboge in 35 per cent, sugar solution 

0-212 

5-5 

Mastic in water . 

0-62 

7-3 

Mastic in 27 per cent, urea solution . 

5-50 

7-8 

Gamboge in 10 per cent, glycerin 
solution 

0-385 

6-4 


888. The Distribution of Colloidal Particles under Gravity.— -After 
standing for some time a colloidal solution will be found to deposit 
the colloid. It is clear that by the very action of gravity afone the 
greater number of particles will be found at the bottom of the 
vessel, and that their vertical distribution will be exponential. 
Assuming that the particles obey the gas laws, the distribution of 
particles will be the same as the distribution of the atmosphere, the 
density of which is greatest near the earth’s surface. It can be 
shown quite easily that if D x and D 2 are the densities of particles 
(t.e., number of particles in a given volume) at heights h x and As 
respectively, and if M is their molecular weight, and T the absolute 
temperature 

> ioe. 


’ D . 


BT 


Instead of the molecular weight M, we may write for a colloidal 
solution mN, where m is the mass of one particle (or the mean mass 
of the particles) and N is Avogadro’s number. For m we may put 
VD, where V is the volume of a particle and D is the effective 
density of the oolloid in the solution which (on account of Jthe 
upthrust) is equal to its absolute density D, minus the absolute 
density of the dispersion medium, D m . Henoe, 


, D x . » x NV(D ; 


- fei) 

RT 


n, and n, being the average number of particles in any given 
voluaie at the two height*. 
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Perrin also used this equation to .calculate N. He determined 
«i and », by direct oountipg, having taken a photograph of the 
i particles at the two levels chosen. The distance between the levels 
* was determined by the fooussing screw on the microsoope, the 
readings being taken when the two levels were focussed. Perrin 
t prepared particles of gamboge and of mastic of any desired size by a 
•centrifugal machine. He measured their volumes and diameters by 
several methods which all gave results agreeing with each other. 
Knowing the volume of the particles he could calculate N. This he 
found to be 6 X 10 s , which agrees closely with the value obtained 
by quite different methods, and thus indicates the accuracy of the 
arguments about the motion of oolloidal particles (see Chapter V., 
§79). 

339. Electrical Properties of Colloids.— If the lower part of a 
U-tube of the form Shown in' Fig, 201 infilled with ferric hydroxide 
sol, and then distilled water is poured over this, it is found that 
when a high potential is applied betweon electrodes placed in the 
water, the boundary between the colloid and the distilled water 
begins to move. This movement must indicate that the oolloidal 
particles themselves are electrically charged, and behave somewhat 
as ions do under similar circumstances (see Lodge’s experiment, 
p. 527). This motion of oolloid particles under the action of an 
electric field is called cataphoresis. It has been suggested that since 
this term seems to indicate motion towards the cathode, which is 
not by any means always the case, a better term would be electro* 
phoresis. 

If this experiment is tried with various colloids, it is found that 
some move towards the anode and some towards the cathode. 
Hen<$ some colloids bear a positive and others a negative charge. 
The majority of sols are charged negatively. The metals and the 
sulphides are the chief members of this class. The metallic 
hydroxides and oxides, and basic dyestuffs, are positively charged." 
The Table below shows the two classes. \ 


Table CXI.— Charges on Colloids Dispensed in Wateb 

A „ 


— X — - 

V 

Positively Charged. 

Negatively Charged. 

The hydroxides, e.g., 
Cd(0H)„ Cr(OH)„ 

• eijc. 

Thfc oxides, e.g., TiO a , 
Basic dyes. 

Fe(OH) 3 , 

Al(OHh, 

qto. 

t 

The sulphides, e.g., AsjS,, SbjS*, 
CdS, eto. 

The metals, e.g., Ag, Au, Pfc, 
Organic colloids, e.g., gum arabio, 
starch, gamboge. 

Aeid dm 
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Theftbftolute mobility of^the particles can be deteAmnfid just as 
$&e absolute velocity of ions is fouf^ by the moving .boundary 
method. The result obtained for* coiloidal gold or suffer is in the 
' neighbourhood of 2 -*• 3 X 10" 4 cm. per sec. for a potential gradient i 
of 1 volt per cm. This Is about the absolqte velocity of organic ions 
of high molecular weight, and it has been suggested by Hevesy that * 
there is " not a great difference in these two classes, , because for 
colloidal particle the mass and the charge have increased in approxi- 
mately the same proportions. The chief difference will be caused 4 
by viscosity. 

In what way is this charge obtained ? In the oase of the electro- 
lytic colloids, such as sodium palmitate and the soaps in general, 

the answer is that ions are produced, 
and the charge is definitely ionic. But 
this explanation will not hold for non-^ 
electrolytes. It was thought at first 
that the charge was caused by friction, 
but this has npt proved to be the 
correct explanation. The probability 
is that the colloidal particles adsorb 
ions present in the dispersion medium. 
This view was put forward by Hardy, 
who showed that it was possible to 
change the sign of the charge on a 
colloid by placing it in an environment 
of ions* of an opposite sign to that 
which it had. Thus mastic yriien 
suspended in water is found to have 
very little charge indeed, but when 
placed in an acid solution it "becomes charged positively, presumably 
. because of adsorption of hydrogen ions ; and in alkaline solution it 
^becomes charged negatively, owing to adsorption of the negatively . 
icharged hydroxyl ions. 1 This would also explain the fact that the 
solution as a whole is always electrically neutral. If the charge weitf 
frictional, the whole liquid should bear a charge. % * 

This Is also shown by mobility experiments with silver sols in the* 
presence of aluminium sulphate (Svedfeerg, 1907, and others). The 
* mobility decreases as the negatively charged silverion adsorbs more 



Fig. 201. — Apparatus for 
Cataphoreais. 


' 1 The same effecUs noted with egg albumen, but the explanation is probably 

different. All proteins are complex amino-acids of the type 


OOOH, j-They form ions +NH, — [XJ — 

COO". The first is formed in acid 


N« f r- [X] - ©OOV or 
^Toh, the last ih sjtkalihe 


ww • iw uni* m iwnueu in wnu iKmiuon, uio mm ui 

r — w second wf ZwiWer«io*i (§ 298) is present atfthe isopleetrio^ointi 
^iUccolloids dojio t precipitate at this point, bet th*i* solubility mM 
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of the positively charged A1+++, until 1 it can actually be reversed. 
At a certain point the silver .particles will bear no charge. 

Table CXIL — Variation op Mobility op Silver Sol with 
addition of 


Gnu, of added 

per 100 c.c. of Ag Sol. 

Mean Mobility. 
cm./3ec/\olt. 

0 

1-7 X 10-* 

3-5 x 10-* 

5-2 x 10-* 

61 X 10-* 

20 X 10'* 

1-28 X 10-* 

103 X 10-* 

0-26 >. 10 '* 

0 


(Direction reversed) 

6-9 X 10-* 

- 0-42 X 10-* 

8-7 X 10-* 

- 0-61 X 10-* 

17-3 X 10-* 

- 1-66 X 10-* 


This is called the isoelectric point . At this point the colloid 
coagulates. This process of coagulation is not as a rule 
itantaneous, and hence it is sometimes possible to change the 
;n of the charge on the colloidal particle by passing through the 
electric point rapidly. 

It is now seen why it is necessary not to dialyse colloids too much. 



Fio. 202. — Positive and Negative Stannic Oxide Particles. 

[After Fig. 13 of Dr. E. S. Hedges, Chapters in Modem Inorganic and 
Theoretical Chemistry (Edward Arnold A Go.).] , , 

If all the ions were washed away, the particles would bedeft un ; 
chaVged and would coagulate. 

The origin of the charge on the particles is still a matter of some 
doubt. We know that ions are adsorbed, but where do they come 
from ? It ds thought that an electrical double layer is formed On 
the surface of the particle (Helmholtz). Take the case of stannic 
hydroxide. This sol is peptised by potassiuip hydroxide, and the 
^particles then have a negative charge. It is not probable* that the 
nydimyl ions are adsorbed directly, butj that the potassium 
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hydroxide reacts with the stannic oxide at the surface to produoe 
’potassium stannate, which dissociates forming potassium ions and 
stannate ioos. v These form the electrical double layer. In a 
aimllAr way, stannic oxide can be peptised by hydrochloric acid ; a 
little stannic chloride is probably formed at the surface, which then 
ionises^giving a double layer composed of stannic and chloride ions. 
These are so oriented that the Cl" ions turn out towards the water, 
y and the stannic ions towards the stannio oxide particle, thus making 
it positively charged. 

Since the particles of a colloidal solution are charged, and move 
under the influence of a field, it follows that if the particles are kept 
still the dispersion medium must move. This movement is called 
electro-oamosia. A suitable apparatus for demonstrating this is 



Fio. 203. — Apparatus for £leotro r osmosis. 

shown in Fig. 203. A U-tube has one limb closed with a tap, and 
i| provided with a sealed-on capillary tube C. 

* The particles are made into a porous block shown in the centre of 
tie tube. This block may consist, say, of porous earthenware, when 
the electro-osmosis due to the day particles is measured. The 
vessel is filled with water until it just enters the capillary. * On 
passing a current between the electrodes A and B, water will rise or 
fall in the limb T according to the direction of the currenti Thin 
is then arranged so that the liquid rises in T. The rate at whij^ 
the watef moves along the capillary 0, is a measure of the electro- 
c&moeis. 

840*; Coagulation of Colloids by Electrolytes,— If an deotrolyte is 
added to a sol, predpitation frequently occurs. This coagulation 
of colloids by electrolytes, to which reference was occasionally mqde 
in the^iescription of the methods of preparation of colloids (§ 333), 
§m investigated by Hardy and Schulae, Freundlioh, Zsigmondy, 
tedotboif. 

f If bar view as to the nature** of the charge on the partfeles is 
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correct; it follows that ooagulation will be brought about by the 
agency of an ion bearing an opposite charge to that on the particle. 
This was found to be the case. In the precipitation of the positively 
charged ferrio hydroxide sol, it is the anion which is of importance. 
k It does not greatly matter what the cation is. It is known that 
j^isorption of the ions of the added electrolyte ocours when ooagula- 
tion takes place, sinoe the ooagulated colloid alwayB drags down 
with it some pf the precipitating substance. A certain minimum 
amount of electrolyte is necessary to bring about coagulation, and 
this amount varies with the' valency of the added ions. The 
following Table gives the minimum amounts of various electrolytes 
required (o coagulate a given amount of arseniouB sulphide sol. 
The amount is expressed in millimols of electrolyte required per 
litre of ,sol. 


Table CXIII. — Coaqttlattoit or AsjS, Sol (1-85 gms./litre) 


Univalent Cation*. 

Coag. 

Valut. 

Bivalent Cattona. 

Coag. 

Value. 

Tervalent Cations. 

Coag. 

Value. 

LiCl . 

68 

MgS0 4 . i. 

0-81 

AleCljj. 

0-098^ 

NaCl 

61 

MgCl* . 

0-72 

Al(NO,), . 


KCI . 

49-6 

CaClj • * 


iAl,(S0 4 ), . 


KNO, . 

50 

SrCl t • ■ 


Ce(NO t ). 


4K.SO* 

665 

BaCl, . 






ZnCl| ■ • 

Bin 

Mean . 

0091 4 

Mean 

64-8 

(UO a )(NO,) a 

■ 

* 


H<31 . ' . 

31 

Mean . 



% 

JH,S0 4 

30 






The Law of Hardy and Schulze states that the coagulating effect of 
an ion depends upon its valency. It is clear that the Law is satisfied 
*by the data in Table CXIII. The coagulating powers of univalent 
cations are all approximately the same, .as are those of bivalent and 
tervalent cations, Yet between the classes there are great differ- 
ences. Much more of a univalent cation is required than of a 
bivalent, and much more of a bivalent than of. a tervalent ion. 
Taking a rough average of the figures quoted, it ip seen Ahat uni-' 
valent cations have a coagulation figurp^of about 64*8 (omitting the 
ifiguree for the acids, which are obviously out of place) ; that for 
bivalent cations, is about' 0*69, and fpr tervalent cations about 0*09. 

If, electrolytes can bring about ooagulation, it is obvious 'that if 
two oppositely charged colloids ire mixed, ooagulation of both will 
toocur, if the total amount of charm on each is eauah If not. partial 
.coagulation only will occur. 
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» Tbe coagulation ot a coiiora oy tne addition of an electrolyte is by 
ho moans as simple as the above account would lead one tothink. 
It has beei^ found that the amount of electrolyte required to precipi- 
tate a given amount of a colloid seems to depend upon the rate at 
which it is added. There are many complicating factors. * 

341. Protection of Colloids . — If a stable organic colloid, such aa 
gelatin, is added to a metal sol, the latter may be prevented frofh 
Coagulating on the addition of an electrolyte. Also, the sol may 
now .be evaporated to* drynoss, and on treatment with water will 
redissolve aa a colloidal solution. Thus its behaviour is altered 
from that ,of an irreversible colloid to that of a reversible one. 

Zsigmondy, in order to measure the relative protecting powers oi 
organic colloids, originated the principle of the gold number . The 
gold number of a protective colloid is the quantity in milligrams of 
the added colloid which is able to protect 10<c.o. of a red gold sol 
(0*6 to 0*06 gm. of gold per litre) from coagulation by the rapid 
addition of 1 c.c. of a 10 per cent, solution* of common salt. The 
gold sol must be specially prepared according to a given recipe. It 
is clear from the nature of this definition that the gold number is 
not a 1 very accurate constant for a colloid. Some gold numbers are 
|iven in Table CXIV. 


Table CXIV.— Gold Numbers 


r ' Sol. 

Gold Number. 

f s 

Gelatin 

0005- 001 

Casein .... 

0-01 -0 02 ' 

Haemoglobin ... , 

0 03 - 0-07 

Albumen ... . 

0-1 -0-2 *, 

Gum arabio . • 

016 - 0-25 • 

Dextrin . . . 

6 -20 

Potato starch * . • 

20-25 

Colloidal Si0 2 

No protective action 

^ — 


Protective action is- a very important phenomenon. It enables 
Colloids to be kept when otherwise spontaneous change would take 
place. Thus, it potassium iodide is added to mercuric chloride 
solution, a red precipitate &f mercuric iodide is formed. *It is* well 
known that the yellow form is produced first and th$t it immediately 
changes to the red form. If now potassium iodide jj p added tb A 
solution of mercuric chloride to which some gelatin has b^Tatdcd, 
a yellow ooljoidal form of the iodide is produced which does n o% 
coagulate, and may be kept hr yearn. 
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I$y this means it has been found possible to prepare colloidal 
solutions of the metals of high concentration. Carey Leaj>reparea 
silver sols containing 99 per cent, silver by reducing silver nitrate 
with mixtures of ferrous sulphate and sodium citrate. The organic 
matter which they contain acts as a protective colloid for the silver* 
Such sols are used in medicine for intravenous injection, or as an 
ointment. ^ 

Paal and Amberger have used sodium protaltykte and sodium 
lysalbate (decomposition products of the proteins) for protection of 
metallic sols with very good results. 

In the commercial preparation of ice cream, a little 'gelatin ia 
added as a protective colloid, to give the cream a smooth taste. Il 
it were not added, small gritty crystals of ice and lactose would 
separate. * 

342. Colloids and Analysis. — In qualitative analysis, colloidal 
solutions are frequently met with. In the precipitation of the 
sulphides in Group II by hydrogen sulphide, colloidal sulphur ii 
frequently formed. We now see now this may be removed. Tha 
addition of an electrolyte will cause coagulation. It is not* per- 
missible to add any electrolyte at will, but ammonium chloride can 
be added. The addition of this substance also helps tp ensure 
complete precipitation and easy filtration of the sulphides of 
Group IV. One is always told to remove organic matter before 
starting on a qualitative analysis. This is because the organic 
substance may form a protective colloid, and prevent the complete 
precipitation of the various group precipitates. 

in the separation of zino from manganese by “ dissolving ” the 
zinc hydroxide in sodium hydroxide, it is very probable that sodium 
zincate is not formed at all, but that the zinc hydroxide is pfeptised 
by the .alkali, since on passing the solution through an ultra-filtei 
Zinc hydroxide is kept back. „ 

This matter is of great importance in gravimetric analysis. tyu 
of the chief sources of error here is in the adsorption of substance 
by the precipitate, and it is often a very difficult matter to remove 
these adsorbed impurities. Adsorption will depend upon partsfeli 
size (§ 343) being greater the smaller the particle, and this in tun 
is governed by von Weimarn’s rules ,(§ 329). It is therefore olea 
that the temperature and concentration of the reactants are im 
* portant considerations in gravimetric analysis. To prevent adsorp 
^tion as much;!ts possible, the precipitation should be carried out a 
' the boiling pliht and fairly strongHSohitions should be used. 

Colloids have great application in industry, particularly in adisorp 
tion; Large quantities jrf silica gel are manufactured for .use ix 
adaption of gases, fcuj^vhickit is as effective as charcoal. lt k 
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probable that dyeing to ft colloidal process. 4Th# tr e atm sn t of 
sewage to abo a colloidal problem, since the impurities are largely 
present in the form of sob. Colloidal chemistry is abo of importance 
in the study of the soil, in the manufacture of paints, in tanning. 
It abo has a great deal to do with biological processes, but a full 
treatment of these would be outside the Scope of this book. 

348. Adsorption. — The Gibbs Adsorption Law. — When the con- 
centration in the interfacial layers between two phases* to greater 
than in the bulk' of either phase,- then the substance to said to be 
adsorbed at the interface. 

'Many solid substances ha ve the power of adsorbing moisture. 
Particularly do glass and porcelain possess this property. Some 
porous substances have the power of adsorbing gases. 

Adsorption to a surface phenomenon, and hence it will increase 
in importance as the particles are made smaller, for then a larger 
surface to presented by a given substance. Adsorption differs 
from absorption in being confined largely to the surface of the 
adsorbent. It to observed at the surface of a solution. It was 
shown theoretically by Gibbs that those substances which lower the 
surface tension (§ 99) of a solvent in which they are dissolved become 
concentrated in the surface layer , whilst the concentration of substances 
which raise the surface tension is less in the surface layer than in the 
bulk of the solution . 

Thus when many inorganic salts are dissolved in water they 
increase the surface tension slightly, so that the concentration of 
the salt in the top layer of the solution will be less than in the bujk 
of the liquid. On the other hand, many organic substances, such as 
esters, aldehydes and ketones, lower the surface tension, and are 
therefore more concentrated in the top layer than in the bulk of the 
solution. 

*The mathematical expression, derived by Gibbs, governing this 1 
variation in concentration is 

s C dy 

~ 8 m -d& 

t . 

where 8 fa the excess of solute in the surface layer ; the sign indicates 
Whether there to actually an excess or a deficit ; b to the concentra- 
tion of solute if equally distributed, R to the gas constant, T to the 

' dy * 

absolute temperature, and y is the surface tension. ■=£ to, of course, 
the variation of surface tension, with concentration^ and can be 

^ dy B ' ' 

obtained by plotting y against 0 : dC is the slope of this oirnre at 
|fce point afVhkik the ocaAktions ainthoeepf the experiment. 1 * 
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Direct experim Altai proof of this law is difficult with inorganic 
salts, and has not jet been parried ont. However, semi-quantitative 
results have ^een obtained with certain organic liquids as solutes. 
Miss Benson (1903) studied a solution of amyl alcohol in water. 
Amyl alcohol lowers the surface tension of water considerably. On 
shaking the solution, a froth was obtained, and it was'shown that 
the froth contained more amyl alcohol for a given volume than 
the bulk df the solution, as would be expected. 

Actually the Gibbs Adsorption Law was first derived for the 
solution of gases in liquids. If a gas, on solution in a* solvent, 
increases the surface tension, the concentration of gas in the top 
layer of the solution will be less than in the bulk of the solution, 
and if, on solution, the surface tension is decreased, the concentra- 
tion will be greater in the surface layer. The equation here is 

a _ P 
~ S RT • 

where p is the partial pressure of the gas, and the other terms have 
their previous significance. Again, this formula has not been 
proved quantitatively, though it is knbwn qualitatively that such 
an adsorption takes plaoe. 

As the Gibbs equation shows, low temperatures will favour 
adsorption. There need not be chemical change when adsorption 
takes place, though frequently there appears to be some such change.* 
It is a matter of great importance in connection with heterogeneous 
catalysis (§ 352). 

Many solids adsorb gases. The removal of such adsorbed layers of 
gas is a problem which is of frequent occurrence. It has already 
been mentioned that glass and porcelain take tip moisture. This 
layer must be removed before carrying out any quantitative experi- 
ments involving change of temperature, as otherwise the mass of 
the adsorbed moisture at the end of the experiment may be different 
from that at the start. The removal may be effected by heating the 
vessel to redness, and allowing it to cool in a desiccatbr. In the 
construction of discharge tubes for studying the conductivity of 
gases and the production of spectra, and in the manufacture of 
wireless valves, where a gre&t deal depends upon the maintenance 
of a, high vacuum, it is necessary to “ outgas ” the various metal 
partaf and the glass of the tubes by heating to redness in vacuo. 
Otherwise, when the vacuum in {he tube had been created, the gas 
would slowly be given up by the metal parts, and the glass, causing 
an appreciable pressure. 

The removal of adsorbed gases also plays an important part in 
(Stint manufacture. Unless the solid partides of ^colouring matter 
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ito directly in ^contact with the linseed oil in tfhfoh they are «os- ; 
pended, the paint will not adhere well to the surface to be painted, 
and will have a poor covering power. * The gases age removed by 
continued grinding with the oil." ’ 

" The process of adsorption of gases by solids, iiowever, has its * 
uses, as well as its disadvantages. Some porous substances, such as 
charcoal (particularly coco-nut charcoal) adsorb gases very readily. 
Reference to this has already been made (§ 197) in connection with 
the removal of the last traces of gas from an “ exhausted ” tube. 
The adsorption of gases by silica gel (p. 669) is a process of teoimical * 
importance. 

The adsorption of colouring matters from solution by animal 
charcoal is an example of the same phenomenon, and is a process 
of great technical importance in the refining of sugar. The brown 
sugar solution is warmed and allowed* to stand in contaot with 
ahim&l charcoal for some hours. The colourless solution is then 
run off. 

Adsorption is frequently a nuisance in gravimetric and qualitative 
analysis. Reference has already been made to the contamination 
of precipitates by adsorbed substances (§ 122), and the errors caused 
in results. Even thorough washing does not completely remove the 
impurities. In qualitative analysis, the hydroxides of zinc and 
calcium are frequently adsorbed by ferric hydroxide, so that if the 
.first two tfietals are only present in traces in the original iron- 
containing mixture, they may not be detected, being completely 
adsorbed by the ferric hydroxide. 

Ferric hydroxide is a good adsorbent for arsenic from sodium 
arsenite, and is used as an antidote for arsenic poispning. 

844. Distinction between Absorption and Adsorption.— Theessential 
difference between absorption and adsorption lies in the fact that 
the latter is a surface phenomenon, and the former concerns the 
whole mass of the absorbent. In practice, it will be expected thp> 
In the case of adsorption, equilibrium will be attained rapidl; 
whereaSin the case of absorption it will be reached more or* lei 
slowly. * 

The experimental distinction „ „ * * 

carried*out by McBain (1909). When charcoal takes up hydroge 
at the temperature of liquid air, both absorption and adsorptic 
appear to occur.. Charcoal saturated with hydrogen was place 
In a vessel which could be exhausted, and which was provided wit 
a manometer* Whdh the vessel was exhaust*^, the hydrogen m 
remoyed from the charcoal in two stages. Some was rembve 
rapidly, the rest very slowly, "The first amount removed was tb« 
adsorbed on the, surface, the second that absorbed by thejateil 
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of tfie oharooaL Similar phenomena were observed when the 
reverse change took place. An “ outgassed ” charcoal was placed in 
an atmosphere of hydrogen. Within two minutes 99 per oent. of 
the hydrogen that could be taken up by the charcoal was adsorbed, 
.The remaining 1 per cent, wail taken up slowly, corresponding to a 
slow diffusion into ^e interior of the charcoal. ‘ 1 

McBain proposed the use of the term sorption to oover the whole 
phenomenon of the taking up of a gas by a solid. The surface effect 
r in adsorption, the solution in the interior of the substande is absorp- 
tion. These terms are universally accepted. 

• 845. Determination of the Amount of Sorption. — This is 'usually 
done by first freeing the substance from gases already taken up by 
Jieating in vacuo. A‘ weighed amount of the substance is taken. 
After evacuating, and cooling, a measured amount of gas is admitted, 
and the pressure and volume noted after waiting until no more gas 
is taken up. From these values the amount of gas taken up can be 
found. 

846. The Adsorption Isotherm.— If x is the mass of gas adsorbed, 
and m the mass of the adsorbent, and p is the pressure, of the gas, 



where .a and n are constants. This relationship was obtained 
empirically by Freundlich, and is known as the adsorption isotherm. 
It has no theoretical significance, and holds only for medium gas 
pressures. «* ■ 

In the case of adsorption from a solution, the equation becomes 



where c is the' equilibrium concentration of the adsorbed substance 
in the solution. ' 

Taking logarithms, we have 

logx — log m = ~ log c + log a, 

fl 

so that if logs is' plotted against logo, a straight like should be 
* obtained. • , ■ . * 

The adsorption isotherm bears a certain formal similarity to the 
.Distribution Law (§ 216). . If the concentration of a substance 
distributed between two immiscible Jiquids is c x in the first substance 
and c, in Jhe second, and if n is the degree of association of the 
solute in the second solvent,. 
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Heno 

= Vi". 

It will be seen that this is very similar to the adsorption isotherm. 
It cannot, however, be argued that the value of » indicates the 
extent of association in the adsorbed layer. 

The following data for the adsorption of argon by ooco-nut charooal 
at — 78*3° C. illustrate the law. \ 


Tabus CXV. — Adsorption of Argon by Coco-hut Charcoal 
AT — 78-3® C. (Miss Homfray, 1910). 
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"Adsorbed substances, especially gases, frequently show enhanced 
activity. Thus hydrogen adsorbed on palladium will act very 
much like nascent hydrogen. It will precipitate mercury from 
mercuric chloride, and reduce ferric chloride. This is of importance 
in connection with the theory of catalysis (§ 352). 

347. Adsorption Indicators. — Within recent yean various dye- 
stuffs, which owe their use to adsorption, have been, introduced 
as, indicators,^ particularly in silver titrations. Thus potassium^ 
bromide is conveniently titrated with silver nitrate, using eosin as 
inf indicator! s When the silver nitrate is run into the bromide a 
precipitate of silver bromide is produced, which, however, can 
adsorb either silver or bromide ions, the lattpr preferentially.,; It 
Can also adsorb the dye eosin. When silver ions are adsorbed they 
are adsorbed as4heir eosin salts, which are brick-red. Thus so long 
•as there is excess bromide present, the bromide ions will be adsorbed 
in preference to silver, and the solution retains the colour of the 
eosin, a piSkis^-yellow. As soon, however, as there is * slight 
excess of diversions, these are adsorbed on the silver bromide formed^ 

iur. 1 %he 
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accurate renAi with concentrations down to M/lflOQt. Fluoresceir 
is also , used in the determination of chlorides by means of silver 
nitrate. It is important to remember that it is not the, colour of 
the solution which changes, but that of the precipitate. Other dyes 
which will act as adsorption indicators in silver titrations, and 
some other precipitation titrations are, dichlorofluoresWn, di-iodo- 
fluorescein, . and other fluoresoein derivatives, Biebrich scarlet, 
pheno-safrtoine, tartrazine, and rhodamine 6 O. 


SUMMARY 

A colloidal solution is a two-phase system consisting of a disperse 
phase (small particles, or drops) and a dispersion medium (gas, liquid, or 
talid). A large number of substances can exist in the colloidal state. 

Colloidal solutions are referred to as sols. They may be classified as 
lyophobic and lyophilic sols. Lyophobic sols are not very stable, and 
once precipitated do not pass back into the colloidal Btate on adding 
the dispersion medium. They are therefore irreversible. This class 
includes the inorganic sols. Lyophilic sols are more stable and are 
reversible. This. class comprises the organic sols and a few inorganic 
ones. 

Another classification distinguishes between oolloidal electrolytes, 
such as the Boaps, and non-conducting colloids. 

Colloids are unable to pass through certain membrahes (e.g. t parch- 
ment), and can thus be separated from salts and other non-colloids, 
which will pass through. The process is called “ dialysis/’ 

Peptisation is the formation of a colloidal solution from a substance 
known to be capable of forming such a solution, by treating it with an 
electrolyte. 

The methods of preparing colloidal solutions are : — 

I. Condensation methods, (a) Reduction ( e.g Au) ; (6) Oxidation 
(e.p., 8 ) ; (c) Exchange of solvent ; (d) Hydrolysis ; (e) Double decom- 
position. 

II. Dispersion methods. * (a) Bredjg's arc method; (b) Mechanical 
dispersion (colloid mills). 

The molecular weights of colloids are very high. They may be found 
by the usual methods for solutes (colligative properties) and by diffusion 
and sedimentation. The last is the best method. . ^ 

Colloidal solutions give the Tyndall beam when a strong beam of light 
is passed through them. This provides a method of observing oolloidal 
. particles (ultra-microscope) which has been widely used. Such particles 
are found to be in motion, executing a zig-zag course (Brownian Move* 
ment). By studying this, Einstein and Perrin have been able to deduce 
the Avogaaro number, N t obtaining a value in agreement with that 
i obtained by other methods. 

The particles in a colloidal solution are electrically charged. They 
"am attracted towards electrodes placed in the solution in § way similar 
to ions (electrophoresis). Some colloid^ are charged positively and 
pth^rs negatively." By the agency of ions charged oppositely to the 
colloidal partiplea, the lifter are discharged and the colloid precipitates. 
T3*e precipitating power of an ion depends on it» valency (Hardy 
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lehuloe Law). The addition of a lyophilio sol to a lyopbofcic on a 
frequency protects the latter from coagulation by electrolytes. 

When the concentration of a substance in the interfaoial layers 
between two phases is greater than in the bulk of either phase, then the 
substance is said to* be adsorbed at tho interface. 

Substances which lower the surface tension of a solvent in which they 
are dissolved" become concentrated in the surface layer ; substances 
which increase the surface tension are less concentrated in the surface 
than in the hwlk of the solution (Gibbs' Adsorption Law). 

The adsorption of substances also fluids empirical quantitative 
expression in the Freundiich adsorption isotherm. ' 


v SUGGESTIONS FOR PRACTICAL WORK 

Experiment 42. — Prepare some colloidal solutions according to the 
instructions given on pp. 465-670. 

Experiment 43.— Compare the effects of solutions of potassium 
chloride,- calcium chloride, and aluminium chloride in coagulating an 
arsenic sulphide sol. 

Make up some arsenic sulphide sol and place 10 c.c. of it in each of 
nine clean test-tubes. Add to the tubes the following mixtures : — 

S ) 5 c.c. 0-1 Af KC1 + 5 c.c. water. 

) 1 c.c. 2-0 Af KC1 + 9 c.c. water. 

(c) 2 ms.c. 2-0 Af KC1 + 8 c.c. wator. 

(d) 0*5 c.C. 0tl M CaClj + 9-5 c.c. water. 

(«) 2*0 c.c. 01 M CaCl, + ,8 0 c.c. water. 

(/) 4*0 c.c. 0*1 M CaCl,<+ 6*0 c.c. water. 

(g) 0*5 c.c. 0*001 Af AIC1, -f 9*5 c.c. water. 

(h) 2*0 c.c. 0*001 M A1C1, -f 8 0 o.c. water. 

(t) 4 0 c.c. 0*001 M AlClj + 0*0 c.c. water. 

Find the least concentrations of the various salts necessary for 
precipitation. Compare with theory (p. 885)’. (The above figures are 
taken from Sherwood Taylor, ‘'Elementary Practical .Physical 
Chemistry." Oxford University Press.) 

■v 


SUGGESTIONS FOR FURTHER PRACTICAL WORK 
(1) Determine the gold numbers of various organic colloids. 

,(2) Study the adsorption of oxalic acid on charcoal, and see if it 
obeys the adsorption isotherm. 


SUGGESTIONS FOR FURTHER READING 
"Hbdoss, E. S. * “'Colloids." Arnold , 1931. 

Freundlicr, H. Trans. H. S. Hatjubu). “Colloid and Capillary 
Chemistry." Methuen , 1928, 

Holmbs, H, N. “ Laboratory Manual of Colloidal Chemistry.” Nm 
York, 1922. , 

McBjun, J. W. “ The Sorptio^ of Gases and Vapours." * Roulledget 
1931, * ^ # 



QUESTIONS 


605 


QUESTION 

( 1 ) JuescnDe tne preparation of a colloidal solution of arsonie sulphide. 
What is the effect of the addition of electrolyte? to this sol ? ^ 

(9) Classify the various types of colloidal solution. Whft methods 
■ indicate the heterogeneous nature of colloidal solutibns T • 

f3) Classify the* various methods of producing colloidal solutions and 
give ekamplgfe of each; . * X 

(4) What is meant by the gold number of a colloid ? How ^rould you 

determine it ? ' 

(5) State the Hardy -Schulze Law, and discuss it. 

(6) In what ways has the study of colloidal particles enabled a deter- 
miifiation of the Avogadro number to be made ? 

(7) How may the sign of the charge on a colloidal particle be deter-" 
mined ? Discuss the part played by the charge in determining the 
stability of a colloid. 

(8) Discuss the applications of colloid chemistry to qualitative and 
quantitative analysis. 

(9) What is the essential difference between the extraction of iodine 
from a solution by means of chloroform and that by finely divided ( 
charcoal ? 

£ (10) What is the Freundlich adsorption isotherm ? Show how you 
would verify it in any one case. * 



CHAPTER XVH 


CATALYSIS 

% 848 . Development of the Theory of Catalysis. — A broad definition 
of catalysis is “ the acceleration of chemical reactions by the addition 
of small quantities of foreign substances to the reacting system.*’ 

It is remarkable that catalysis, which to-day plays suoh an 
important part in every branch of chemistry, including particularly 
the technical side of the subject, was very little investigated before 
1800. Like many other branches of chemistry, its study was facili- 
tated by the atomic theory of Dalton, and the development of 
stoichiometry. The use of certain catalysts, however, goes back a 
long time before 1800, though there was no theory of their actioif 
as catalysts. Particularly the process of fermentation has been 
known for eenturies. The action of yeast was one of the earliest 
phenomena to interest men of science. The “ Philosopher’s Stone ” 
and the ‘ Elixir of Life ” may both be regarded as catalysts, long 
sdught after, but never reached. The idea of gold acting as a 
“ ferment,” a small portion engendering a much greater quantity, 
long precedes the Philosopher’s Stone.’ It is found in the work of 
Zosimus (ca. a.d. 800) if not in earlier writers. One of the early 
* references to catalysts in alchemy is given by L0wenat§m in his 
book “ Laboratorium Chymioum,” the fourth edition of which was 
published in 1767. He refers to an alchemist, Schwerzer, who, in 
the year 1585*had produced an “ elixir ” of which “ one part wpuld 
tinge 1024 parts of base substances.” There is, however, a long 
distance between this and the first definite observations of catalysis 
m which a catalyst was shown to be able to accelerate chemical 
reactions without any violation of the stoichiometrical laws. 

The first catalytic' reactions which were studied at all systemati- 
cally were (a) the conversion of sulphurous acid into sulphuric 
*add, forming the basis of the lead chamber process for the manu- 
facture of this acid ; this was known in the eighteenth eentmy r 
(6) the hydrolysis, of an aqueous solution of starch by adds to give, 
sugars tParmentier, 1761, Kirchoff, 1811) ; (e) the ostaiytio deobttt^ 

a oh of hydrogen peroxide by metals (Thenard, 1818) ; 0) the 
tion of combustible vapours by air in the preeenoe of a heated 
rub trim (Davy, 1817), or platinumspopge (Dflbereiner, 
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1823). This discovery caused a great sensation/ anil really started 
the. investigation of heterogeneous catalysis. 

Later in the nineteenth century a large number of other catalytic 
^reactions were discovered and investigated. Of the characteristics 
of catalytic' action which were thus demonstrated, the one .that 
stands out above all the rest is the fact that the oataiyst is not used 
up in the process. Relatively large* quantities of the reacting 
substances could be brought into reaction by the use of a small 
quantity of catalyst^ and there appeared to be no reason why, if 
the presence of impurities or the possibility of mechanioaJ loss were** 
avoided, an unlimited quantity of the reactants could not be 
transformed by a finite quantity of the catalyst, however small. 
Further, it was found that catalytic action was specific, not every 
catalyst being able to bring about every reaction. A catalyst 
frequently could only be chosen after numerous experiments. It 
was also discovered that a catalyst could be rendered inactive, by 
the presence of certain substances. This was first shown by 
Dobereiner and Faraday. 

The name “ catalyst ” was first given to these active substances 
, by Berzelius in 1835. It is to be noted that quite thirty years t 
passed, after catalytic changes were studied thoroughly, before the 
phenomenon was given a name. 

It was soon recognised that catalysis oould fall into two, or 
possibly three, classes. The first is homogeneous catalysis, where 
the catalyst is in the same phase as the reactants. One of the 
earliest of catalytic reactions, the lead-chamber process of making a 
. sulphuric acid, belonged to this class. The second is heterogeneous 
catalysis, in which the catalyst is in another phase from the reactants. 
This is the more important of the two classes, and is represented in 
the early work by Dobereiner^ experiment with combustible gases 
and o^ygep. The third need not be classed as a new type, but it is 
convenient to do so. It comprises the biological catalytic processes, 
of which the reactions due to enzymes were very early known. 
The hydrolysis of starch by means of diastase from germinating 
barley was investigated by Irvin in 1785, and by Kirchoff in 1814. 
Another early example was the breakdown of amygdalin by emul- 
9 in, studied by Liebig and Wdhler in 1837, 

* Theories as to the cause of catalysis were not long in following the 
observations. In the first decade of the last century these explana- 
tions centred round thermal effects of some kind, such as local 
heating* or certain electrical effects. These were discarded by 
D&bereiner and Davy and others. A very Important work .on the 
action of nitric oxide in the lead chamber process was published by * 
[fometft and IWeormes in 1806, in which they p^inted^qut that 
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tb#nitrio oxid/acted as a earner of oxygen owing to the formation 
of aq intermediate compound) Np 2 . This explanation, whidh is 
stiii regarded as correct, made ethers think that all catalytic action ^ 
was pjpssibly due to the formation of intermediate compounds, with 
the result that, in order to explain these reactions, all sorts of chemi- 
cal compounds which could have no possible chance of existence, 
werg # postulated. Faraday,* however, did not agree with the 
formulation of compounds; which had no separate existence, and 
which violated the ordinary chemical laws, and, being particularly 
concerned with the action of platinum in bringing about the 
combustion of a mixture of hydrogen and oxygen, proposed the 
adsorption theory. These twp views, those of the formation of 
intermediate compounds and of adsorption, have held, the field 
with few modifications ever since. It is interesting to note that the 
modern theory of adsorption which postulates the existence of 
Spec^ points on surfaces at which adsorption takes place was 
anticipated to a certain extent by Schweigger in 1823, who refers to 
the existence on the surfaces of solid bodies of “ anlagenpunkter,” 
at which catalysis* commences. * , , 

, The various theories of catalysis will be dealt with more fully 
later, but it may be said that during the nineteenth century the 
knowledge of the phenomenon of adsorption was so scanty that the 
intermediate compound theory was almost universally acknow- 


ledged to be correct, although some, such as Mercer and Playfair, 
looked at the question from the point of view of affinity. Mercer — 
knowh for his discovery of “ mercerisation ” — stated in 1842 that 
catalysts were substances with weak chemical affinities, so that if 
intermediate compounds were formed they would of necessity be 
rather unstable. Playfair, in 1848, extended this view f and stated 
that catalysts possessed additional affinity, which was added to the 
affinity of the reactants, and thus caused the reaction to go "faster. 
The intermediate compound theory received further enhancement 
J>y the discovery in 1867 by Deacon of his process for the manu- 
facture of chlorine from hydrogen chloride by passing it over heated 
cupric chloride in the presence of oxygen. He was actually seeking 
examples of catalysis involving intermediate compound formation 
when he came across the formation of chlorine by heating cuprio 
chloride in air, and combined this with the regeneration of cugri<r 
dhloride by heating cuprous chloride with hydrogen chloride and air. 

Schonbein, in 1850, stated that no chemical reaction, whether 
calajftic omot, must be regarded as taking place directly according 1 
to the equation, but that each chemical process is made op of a 
|Slies of elementary processes. This was a further aid to the inter. 

eHKtit!iiluiinniiMi tkMrV TIu> inr.nnrhinr.mn nt> naiv unUofon/M 
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into the system in the form of a catalyst meant the possibility o 5, 
new elementary processes* The theory would also explain the 
specific nature of catalysts, and also poisoning (§ 354). . , 

The whole stu$y*of catalysis was put on a new footing ! the 
work of Qstwald. In 1888 he formulated a series *of criteria of 
catalysis,' which summed up the behaviour of catalysts. * 4 

1^349* Criteria of Catalysis. — Ostwald’s points are given below : 

(1) The catalyst remains unchanged at the end of the reaction . — * 
This only-applies to the chemical composition of the catalyst. Its 
physical form may change completely. Thus^ if coarsely powdered 
manganese dioxide is mixed with potassium chlorate in the prepara- 
tion of oxygen, at the end of the reaction it is found to be finely 
powdered. 

' (2) A small amount only of catalyst is required . — This is not 
invariably true. Many examples are known where the catalyst 
must attain a definite minimum concentration before it will act. An 
example of this is provided by the Friedel and Crafts reaction In 
organic chemistry, where aluminium chloride is used to promb|6 
the reaction between an aromatic hydrocarb6n, such as benzene, and 
afi aliphatic halide, such as ethyl chloride. Here, however, it is 
known quite definitely that an intermediate compound is formed. 1 
On the other hand, it is known that in many cases a very small 
amopnt of catalyst is sufficient for the purpose. Attempts have 
been made to determine the threshold concentration of catalyst 
required, but they have not been very satisfactory. „ 

(3) A catalyst alters the speed of the action , without , however , altering 
the final state of equilibrium. — This is true where the catalyst is 
needed only in small concentration, and indeed this criterion would 
be required from the application of the law of conservation of 
energy. If, however, the catalyst is present in large quantity, there 
is no need for this to be true, and experiments carried out by Jones 
and Lapworth on the equilibrium constant jof the hydrolysis of ethyl 
acetate in the presence of varying amounts of hydrochloric acid, 
which acts as a catalyst, indicate that it is not true when tjhe amount 
of acid used i$ large. 1 

1 The explanation of the Friedel apd Crafts reaction is expressed by the 
equations *— * r 

■t XH + YC1 + A1C1, - XHYCLA1C1,. 

XHYC1A1C1 8 « XY + HOI + A1C1* 

It is necessary to add at least one gram-molecule di aiuminiu,« w 

each gram-molecule of the Teactiftg substance. It is extremely probable that 
the aluminium chloride i,s not a catalyst at all, but that the co-ordination 
compound formed (XHYC1 . A1CI») is immediately decomposed. $'o return 
to the original theory* Boeseken has eupjfosed mat a large excess of the * 
^patalystis required^* some is used up iifcthe formation of the ce-oidinatkft* 
ooaapqffljjk «“*<> “>$» b**d<J*i to provide Mm* ot %h»Jrft oatftlyrt- 
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(4) A catalyst cannot start a reaction, but only increases or decreases 
its speed. — This, again, is probably not true. Many reactions are 
known to be initiated by a catalyst, as far as can be judged. Of 
course, there is always the reply to this objection Jbhat the reaction 
may proceed So slowly without the catalyst that its speed cannot be 
measured. ThuB, the work of Baker on the catalytic influence of 
water described on p. 330, in which he showed that many ordinary 
chemical reactions would not take place without the presence of, 
water,- seems> to provide evidence against this criterion. 

350* Heterogeneous Catalysis, — This olass of catalysis includes the 
majority of these reactions which are of commercial importance, 
and has been studied therefore to a much greater extent than homo- 
geneous catalysis. In this type/ the catalyst is a separate phase 
from the reactants, which are usually gases. The catalysts that haye 
proved most useful in this field are the metals platinum, nickel, 
copper and iron, usually in a state of fine division, and eertain 
metallic oxides, chiefly those of iron, zinc, chromium, bismuth and 
molybdenum. This is not, of course, an exhaustive list. 

' Catalysts are usually specifio in their action. One catalyst may 
serve for an hydrogenation, whilst it would be useless for an 
oxidation. 

Important technical processes using the phenomenon of hetero- 
geneous catalysis are : — * 

(1) The preparation of hydrogen from water gas and coke oven 
gas. The carbon monoxide of the water gas is converted into 
carbon dioxide by the action of steam in the presence of ferric oxide 
to which a promoter (§ 353) has been added. 

CO + H a O = C0 2 + H a . 

(2) The preparation of methyl alcohol from carbon monoxide 
and hydrogen, using as a catalyst zinc oxide together with chromium 
oxide as a promoter. * 

CO + 2H a = CHgOH. 

(3) The Haber process for synthesising ammonia in which 
nitrogen and hydrogen in the correct proportions are passed over a 
heated catalyst, formerly platinum, but now mainly iron, containing 
V promoter. 

N a + 3H a = 2NH 8 . 

* (4) The oxidation of ammonia to form nitric oxide, and, 
; ultimately, nitric acid. ' . 

4NH S + 50 a * 4NO + 6H a O 
2NO + O a *= 2NO a 
2NO a + H a O~ HNO a + HN0 2 

3HNO t » IJN0, + H a 0 4 2N<? 
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The oataiyst formerly employed was platinum ‘Wire gaum, but 
now the cheaper mixture of ferrio and bismuth oxides. has taken its 
place. 

(5) Hydrogenations, such as the conversion of liquid oils into 

solid fats, as in the manufacture of margarine. The catalyst is 
finely divided nickel. ' 

. [X - CH = CH - Y] + H 2 [X - CH, - CH, - Y] 

TJ maturated Oil. Saturated Fat. 

(6) The contact process for manufacturing sulphuric acid. 
Sulphur dioxide is directly oxidised by atmospheric oxygen in the 
presence of platinum. 

2SO* + 0 2 = 2SO s . 

(7) The removal of sulphur compounds from coal gas. Hydrogen 
sulphide is removed by passing the gas over ferric oxide in the 
presence of sawdust. 

Fe 2 0 3 + 3HgS = Fe^s + 3H 2 0. 

The other volatile sulphur compounds in the gas are converted into 
hydrogen sulphide by passing over a hydrogenation catalyst, e.g. t 
metallic nickel. The hydrogen sulphide is then removed as above. 

(8) The use of activated charcoal. This charcoal is prepared 
from special woods, and is largely used in cfilorinations. The liquid 
to be chlorinated is passed down a tower filled with activated 
charcoal, whilst the chlorine gas is passed up. Hydrogen chloride 
is now manufactured by passing a mixture of hydrogen and chlorine 
over activated charcoal. - 

Further details of these reactions will be found in text-books of 
Inorganic Chemistry. 

* 351. Enzyme Catalysis. — Enzymes probably act in solution, and 
therefore may be homogeneous catalysts. They are complex 
organic compounds, which are not very stable, and form colloidal 
solutions with water. They catalyse numerous reactions, especially 
those connected with natural processes. Most of them are hydro- 
lytic in their action, t.e., they cause the addition of water to a 
substance. Thus, diastase converts starch into maltose, and 
maltase, a different enzyme, will cause the hydrolysis of maltosfe into 
gluoose. In vertase, convert? sucrose into a mixture of glucose 
and fructose ; and zymase converts glucose into alcohol. 

Tfie exact mechanism of the working of enzymes is not known, but 
they are extraordinarily important substances in the human body. 

353* Mechanism ol Catalysis.— It has already been stated that 
there are two broad theories of catalytic action, one of which may be 
termed the “ chemical H theory, and the other the “ physical ” 
theory. The first postulates the formation of intermediate com* 
# pounds, often of doubtful composition, whilst the latter supposes 
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that adsorption takes place. These two views have now beta 
brought into harmony by the Work of the last twenty years. 

The Intermediate Compound Theory . — Intermediate compound 
formation may result in reaction# of two types, which may be repre- 
sented by the equations 
I. * AX*+ Ct =CtX + A, 

CiX. + B = BX + Ct, 

.giving AX -f B = A + BX. 

n. A + B-r^«= ABCt, 

AB Ct = AB + Ct, 
giving A + B = AB. 

In these equations the symbol Ct stands for the, catalyst. 

There can be no doubt that in a very large number of cases of 
catalysis there is the formation of intermediate compounds. One 
need only quote the lead chamber process for the manufacture of 
sulphuric acid, which is usually regarded as a catalytic process, to 
show that here intermediate compound formation Is necessary. 
Actually this is a ease of homogeneous catalysis, as both the catalyst 
and the reactants are in the same phase, viz., the gaseous phase. 
The production of oxygen by heating a mixture of manganese 
dioxide and potassium chlorate is another reaction in which com- 
pound formation is probable. This reaction has been regarded by 
McLeod as consisting of the following successive changes : 

(a) 2Mn0 2 + 2KC10 8 = 2KMn0 4 + Cl 2 + 0 2 . 

V • ' (6) 2KMnO« = K s Mn0f+ MnO* + O,. 

(c) K,Mn0 4 -f- Cl, = 2K.C1 + Mn0 2 + O*. 

This accounts for the fact that in this reaction the oxygen is often 
contaminated by a small quantity of chlorine, and that the residue, 
if a femall quantity of manganese dioxide only is used, is often 
coloured pink. 1 There , have been physical explahations of this 
reaction, one of which was that on heating the potassium chlorate 
a supersaturated solution of oxygen in potassium chlorate is 
obtained, which is broken up when manganese dioxide is added, 
just as when dust particles enter a supersaturated solution of a salt. 

4 * <t * 

1 McLeod's theory cannot be reconciled with the fact that nickel oxide, 
NiO, and ferric oxide; Fe t O r are gtiantitaUvely as good catalysts iz£*ttiis r&ction 
as manganese dioxide. CuO does not catalyse the reaction. These facts 
suggest that the reaction may be (in the case of manganese dioxide) * 

KClOg + 3MnO a — 3MnO, 4* KCi 

3MnO a f mm 3MnO a -f 30. t 

MhO t has not, however, been Isolated from this reaction. NiOmight form a 
higher oxide in a similar manner. ,CuO could not, as tto higher oxide of 
oopn&r is known,* McLeod's theory fails with NiO, as this substance, although 
i beiter catalyst than m a ngane se dioxide, could not form a niekelate, * 
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if this is true, then any fine powder should bring about the decom- 
position. It is a fact that some other powders do 4b, but it is 
certainly tiot a general phenomenon. Also, when the pressure is 
reduced over ordinary potassium chlorate, it does not facilitate the 
decomposition as it would be expected to do if the salt were a super- 
saturated solution. • * 

The very fact that intermediate compound formation can take 
place in catalytic reactions indicates that the stability of such 
-compounds must be small. Otherwise they would not undergo 
change in such a facile way. This may account for the fact that they 
frequently cannot be isolated. On the other hand, there are many 
reactions in which the presence of these compounds is ruled out on 
grounds pf stoichiometry, and to these the adsorption theory may 
be applied. 

The adsorption theory states that before reaction the reactants 
are adsorbed on the surface of the catalyst. The origin of this idea 
may be traced to Faraday. There is no definite chemical compound, 
but an “ adsorption compound ” of no definite composition, possibly 
one molecule thick, is formed at the surface. The work of Hardy, 
Laqgmuir; Adams and others on the nature* of thin films has added 
enormously to our knowledge of adsorption. Also, our modem 
knowledge about the electrical structure of the atoxp, and the 
nature of chemical combination, makes it obvious that there is no 
essential difference between physical and chemical forces. The 
same forces which can hold the molecules or atoms of the catalyst 
together c&n act at its surface to attract molecules of other sub- 
stancea and give rise* to adsorption. It is obvious that this explains 
very well the fact that the more finely divided the catalyst is, the 
better does it work. There will be greater surface and more room 
for adsorption to take" place. For reaction to occur the two molecules 
which are going to react must presumably be,! adsorbed side by 
side ; *the new molecule is then formed and evaporates off, leaving 
the space clear for the next molecules to be adsorbed, and so on. 

The increase in concentration ^hich must^occur in the adsorbed 
*phas6 would alone account in some measure, though hot com- 
' pleteljr, for acceleration of reaction. Also, the surface of a solid id 
often capable of taking up the energy liberated in the reaction (heat 
, of reaction), and this may* perhaps be used in enhancing chemical 
reactivity throughout the mass of reacting substances. If, for 
example, two bromine atoms collide ip the gaseous phase and form 
a molecule, the heat" of reaction, 46,000 gim-cals. per gram-molecule, 
is harried momentarily by t^e bromine molecule. Thi%amount of 
energy is comparable with the heat of activation, so that the newly 
formed molecule will be*vefy likely to decompose again unless thi% 
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energy is given op. The presenoe of a third body, tajdngno actual 
part in the reaction, would help to remove this energy. The chance, 
for a triple collision occurring in the gas phase is small/but whop 
there is a solid surface present everywhere, the chance is muoh 
greater. It is recognised that this theory cannot be of universal 
applicability, since any surface ought to be capable of acting in 
this way. 

Another point has to be considered. It can be shown that the 
process of activation is aided in the solid-gas interface as compared 
with the gas space itself. The heat of activation of a unimolecular 
heterogeneous reaction is approximately half that required for a 
homogeneous bimolecular reaction (§ 171). Thus if two molecules 
meet in the gaseous phase they must possess twice as much energy 
if they are to combine, than when they combine on the surface of 
some solid body present. The actual process of adsorption also 
liberates a certain amount of energy (heat of adsorption) which 
may provide some of the heat of aotivation* Some cases of this 
are known. ' Attempts have been made to derive a complete theory 
of heterogeneous catalysis on this basis. 

Langmuir has made attempts to explain the mechanism, of 
adsorption. In experiments on the nature of films of fatty acids 
on the surface of water, he came to the conclusion that the molecules 
of fatty acid in the film were oriented in a certain direction, the 
carboxyl ends being attracted towards the water, and the hydro- 
carbon chains repelled from it. He argues that the adsorption of a 
gas by a solid probably entails a similar orientation. Also, on 
adsorption, the molecules may be deformed, ii., the distribution of 
their electrio fields may be different from before. This deformation 
may give rise to the development of additional energy at certain / 
parts of the molecule, thus enhancing its actiyity at those parts. 
According to Langmuir, the only difference between adsorption 
and compound forination lies in* the strength of the binding. In 
compound formation one reactant , is powerful enough to break 
down the lattice of the other, and together they form a new lattice. 
In adsorption, the amount of energy involved is too small to do * 
this. These views have been largely developed by H. S. Thy lor, * 
Mittasch and Willstatter, the latter with particular reference to 
. enzyme catalysis. It is seen that the two ideas of catalytic processes, 
first, the formation of intermediate compounds, and, second, the 
adsorption theory, both find a place in these new explanations.^ 

It is' also known that catalytic activity is not uniformly distributed 
oyer the surface of a catalyst* Them appear to be active spots. 
Catalysts havl been examined by X-ray methods "aftd shown to 
^ possess a cryslaUine structure, but on the surface the cataJ^t yriil 
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be uneven. If we ‘represent the surface of a nickel catalyst as 
follows : 
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the lines representing the chemical forces acting between the atoms, 
and not standing for valency bonds, it is obvious that at the peaks 
there will be a greater number of unsatisfied forces, which can be 
used to attach molecules. Isolated nickel atoms would be centres of 
great activity. This explains the fact that the activity of a catalyst 
depends a good deal on its method of preparation and is enhanced 
when the surface is increased. Hence the great catalytic activity 
of such substances as platinum black. 

353. Promoters. — The activity of a catalyst is frequently enhanced 
by mixing it with some other substance, not necessarily itself a cata- 
lyst. This action is called “ promoter 99 action. Thus, in the Haber 
process for the synthesis of ammonia, it has been found that mixed 
catalysts of the composition Fe + A1 2 0 3 + K 2 0 are particularly 
active ; in the oxidation of ammonia, iron oxide and bismuth oxide 
may be used ; and the synthesis of methyl alcohol from carbon 
monoxide and hydrogen is well catalysed by zinc oxide mixed with 
chromium oxide or other oxides as promoters. No definite theory 
can be put forward concerning these facts. The aotion may resemble 
the phenomenon of photo-sensitisation in the case of photochemical 
reactions (p. 725), but at present our knowledge is too empirical in 
nature to enable us to draw definite conclusions. 

# 354. Poisoning of Catalysts. — Very frequently the * presence of 
small quantities of impurities in the reacting substances will render 
♦the catalyst useless. These are called “ catalyst poisons/ 9 It is a 
remarkable fact that substances Which poison catalysts are usually 
also poisonous to organisms. Thus arseniou a oxide and hydrogen 
cyanide are two of the most powerful of catalyst poisons. „The 
poison may be specific. The ^amounts of various poisons ^neces- 
sary to reduce the velocity of decomposition of hydrogen peroxide 
to one-Mlf of its original value have been determined, when 
the reaction has been catalysed by oolloidal platinum and by 
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hamase (an enzyme present in blood). The results are embodied in 
the Table below. 


e 

Table CXVL — Concentration of Poison required to reduce 
the Bate of Decomposition of Hydrogen Peroxide to' 

One-half 


Pftiaoa 

Catalyst. Concns. in gin.-mols. /litre. 

Colloidal Pt. 

Htrmase. 

Hydrogen cyanide . 

5 X 10"» 

1 X I0-* 

Mercuric chloride 

5 X 10- 7 

5 X 10~ 7 

Hydrogen sulphide . 

,3 X 10-« 

J X 10-* 

Carbon monoxide 

very poisonous 

no poisoning 

Aniline . . . 

2 X 10-* 

2-5 X 10-* 

Hydrogen chloride . 

3 X 10 -4 

1 x io-» 

Iodine in potassium iodide . 

2 X 10-’ 

. 2 x 10-* 


It is seen that the poisons do not affect the two catalysts in the 
same degree. It is clearly very necessary to prevent poisoning of 
catalysts on the technical scale. 

The effect of poisoning is probably a reduction of the number of 
active spots. All the poisons are very highly adsorbed (a fact 
which also explains, in part, their poisonous action to the human 
body), and will therefore quickly cover the active centres aqd render 
the catalyst useless. The poisoning is not always permanent. If 
the poison is held only on the surface by adsorbing forces, it may be 
removed again if . circumstances are favourable. On the other 
band, poisons frequently form chemical compounds with the 
catalyst. Particularly is this so with hydrogen sulphide and the 
metal catalysts. ’ * 

Poisoning is not altogether an evil, and may sometimes be useful. 
In organic reactions it is sometimes necessary to stop the reaction 
at a certain stage, and this can be done by addition of a certain 
amount of a specific poison which will prevent the catalyst from 
reacting past a pertain point. 

Frequently reactions can be sjowed down by the addition of some 
foreign substance, which is then Sometimes referred to as a negative 
catalyst. Actually, however, it is usually, a case of poisoning of a 
catalyst already present. Thus the oxidation of ber&aldehjfde by 
the air is knotfto to be catalysed by the surface of the glass vessel in 
which it is contained. The addition of a small quantity oj hydro- 
aninone store this oxidation. HVdrooumone itself, however, is not 
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a negative catalyst, but ia preferentially adsorbed by the glass 
surface and poisons it. This explanation applies in the majority of 
cases of so-called negative catalysis. 

An interesting theory has been developed by Warburg. Bredig 
suggested that the colloidal metals might be regarded as inorganic 
ferments, and Warburg suggests that finely divided charcoal may 
be regarded as a model of the breathing cell, for amino-acids are 
oxidised at its surface by f*ee oxygen, as they are in the living cell. 
Warburg has made a study of the surface of catalytically active 
charcoal, prepared from blood, and containing iron and nitrogen., 
He has shown that the “ breathing ” of this model cell can suffer 
a type of naroosis when substances such as phenylurea are added. 
When the narcotic is removed, the catalyst functions in its normal 
way once again. Hydrocyanic acid, however, poisons the catalyst. 
It stops its “ breathing ” altogether, and, whilst fairly large con- 
centrations of the narcotic are required to induce an effect, only 
very small quantities of the poison are required. The oxidation of 
amino-acids at a charcoal surface appears to take place at certain 
spots on the surface in which metallic irgn is present as an impurity. 
There is a fair amount of evidence for this view. The quantity of 
hydrocyanic acid necessary for poisoning is approximately equiva- 
lent to the iron content. Charcoals containing little iron are weaker 
catalysts than those which have been treated with iron salts. Also, 
the hydrocyanio acid would in all probability react with the iron 
producing a chemical compound which is catalytically inactive. 
It has been suggested that similar changes take place in human 
cells. The cell, it is known, oont&ins a small amount of iron, and this 
may be the. catalytically active substance which enables oxidatipn 
to take place. When it is removed by any means, such as poisoning 
by hydrocyanio acid, the cell is incapable of breathing and death 
ensues. Narcotic action, however, is merely the shifting of the 
adsorption equilibrium, and n the destruction of the aotive 
centres. 

There is no doubt that adsorption plays a very great part in 
chemical actions, and frequently when it is not suspected. Our 
knowledge of adsorption, however, whilst it has progressed enor- 
mously within recent years, is still inadequate to explain these 
reactions fully. We must gain greater knowledge of the' nature of 
inter-atomic forces before we can make further progress/ This is 
being done, largely from the theoretical point of view, by means of 
the quantum mechanics. An explanation of catalysis has been 
attempted on this basis, but it cannot be given here. 

856. Autocatalysis. — Frequently in the, course of a reaction a 
suhstanoe is formed which cat&lyses the reaction. This phenomenon 
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is called “ autocatadysw.” An example is found in the titration 
o! oxalic acid by means of permanganate. When the first portion 
of permanganate is added to warm oxalic acid solution, there is an 
appreciable period before it is decolorised. The seoond portion is, 
however, decolorised immediately. This is because manganous 
salts catalyse the reaction. They are formed when the first portion 
of permanganate has been used up, and the succeeding portions are 
therefore decolorised more rapidly. 

A more striking example is found in the formation of chloric acid 
from potassium chlorate by adding sodium bisulphite solution. 
The weakly acid bisulphite liberates some chloric acid, which is an 
oxidising agent, and oxidises the bisulphite to the more strongly 
acid sodium bisulphate. This is then capable of liberating more 
chloric acid, and so the reaction proceeds until the whole mass 
froths up. 

856. Homogeneous Catalysis. — We shall here consider the 
catalytic action of hydrogen and hydroxyl ions. Acids and bases 
are often used in the catalysis of hydrolytic reactions, such as the 
saponification of esters and the inversion of cane-sugar. The 
catalysis here is rather different from the other types that have 
been mentioned, because the effect appears to be proportional to the 
amount of acid present. At first it was thought that the effect was 
proportional to the hydrogen ion concentration, since the order of 
the strengths of acids based on their power of catalysing the inver- 
sion of cane-sugar was the same as that based on conductivity. It 
has now been shown that this is not true, and that neutral salts have 
a marked effect on the catalysis. 

Arrhenius found that the addition of potassium chloride to a 
solution of acetic acid increased the catalytic effect of the latter 
greatly. 'This fact he explained by assuming that the potassium 
chloride appropriated water to itself and removed it from the 
solution, thus making the acid stronger and increasing its catalytic 
effect. Through the work of Dawson and others, it is now known 
that the ions of the Balt itself are effective in the catalysis. Dawson, 
working with the iodination of acetone, found this reaction to be 
catalysed by all substances which oould be classified as acids or 
bases according to the extended theory. A fuller account of the 
work, together with other points affecting acid catalysis, are given 
in Chapter XIV., p. 595. 

*857. Catalysis by the Hydroxyl Ion. — Some organic reactions are 
known which are catalysed by hydroxyl ions. The enolio and 
ketonic forms of substances like ethyl acetoacetate exist together in 
equilibrium in ordinary specimens of the ester. The two separate 
forms can. however, be prepared. 
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CHj.CO.CHj.COOCaHj ^ CH,.C(0H) : CH.C00C 8 H». 

keto extol 

They rapidly change into one another, and the equilibrium' is quickly 
attained in the presence of hydroxyl ions. The mutarotation of 
glucose is catalysed by these ions, as is also the condensation of 
acetone to form diacetonyl alcohol : 

2CH, . CO . CH S ^ CH 3 . CO . CH 2 . C(CH 3 ) t . OH. 

Acetone diacetonyl alcohol 


SUMMARY 

Catalysis is the acceleration of a chemical reaction by the addition to 
the reacting system of small amounts of foreign substances. Ostwald’a 
criteria of catalysis were : — 

(1 ) The catalyst remains unchanged at the end of the reaction* This 
is only true as regards its chemical composition. 

(2) A small amount of catalyst only is required. 

(3) A catalyst alters the speed of the action without altering the final 
state of equilibrium. 

(4) A catalyst cannot start a reaction, but only increases or decroascs 
its speed. 

Most of these are only true with certain qualifications. Catalysis 
may be conveniently divided into three types : — 

(а) Heterogeneous catalysis, in which the catalyst and the reactants 
are in different phases, t.g. t the Contact Process for the manufacture of 
sulphuric acid. Many important, technical processes use this phenome- 
non, which frequently depends upon adsoiption. The surface of the 
catalyst possesses a numbor of active points at which adsorption takes 
place. These are points where the normal valency forces aro 
unsatisfied. 

When a molecule is adsorbed, the electric field accompanying it is 
distorted and hence there is an alteration in the distribution of its 
energy. When molecules of the two reactants are adsorbed on 
adjacent spots, combination occurs and the products then leave the 
surface, making it free for further atoms or molecules to be adsorbed. 

The other theory of heterogeneous catalysis is the 41 intermediate 
compound theory,” which supposes the formation of a compound 
between the catalyst and one of the reactants, the compound then 
reacting with the other substance to give back the catalyst and the 
final product. 

(б) Homogeneous catalysis, brought about by substances in the same 
phase as the reactants, e^., the hydrolysis of an ester with “ hydrogen 
ions ” as a catalyst. 

(c) Enzyme action, usually hydrolytic. 

In heterogeneous catalysis the catalytic effect of a substance may 
sometimes be greatly enhanced by the addition of another substance, 
not in iteelf a catalyst. Such substances are called “ promoters ” ; the 
theory of their action has not yet been fully worked out. The poisoning 
of catalysts is due to the blocking of the active adsorbing spots by a 
substance which is very powerfully adsorbed. Although frequently to 
be avoided, it is occasionally useful, in the prevention of the cat*- 
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lytic oxidation of benzaldehyde, by addition of hydroquinone. So- 
called "negative catalysis" is usually to be attributed to catalyst 
poisoning. 

SUGGESTIONS FOR PRACTICAL WORK 

Experiment 44. — To determine the effect of a catalyst on the rate of a 
chemical reaction. 

A good reaction to study is that recommended by Sherwood Taylor 
<" Elementary Practical Physical Chemistry," p. 67), viz., 

K s 8,O g + 2KI « 2K t S0 4 + I*. 

This reaction is not termolecular, as indicated by the equation, but is 
bimolecular. It is catalysed by cupric or ferrous ions. The rate of the 
reaction is conveniently studied by taking out portions from time to 
time and titrating against standard thiosulphate. This gives the 
amount of iodine liberated. 

Make up a solution of potassium persulphate 0*05 molar, and one of 
potassium iodide 0*1 molar. The reaction should be carried out at room 
temperature. Mix 50 c.c. of the persulphate, and 50 c.c. of the iodide, 
and 20 c.c. of water. Note the time of mixing, and withdraw 10 c.c. 
at a time at intervals of five minutes and titrate with iV/50 thiosulphate. 
Note the time of removal as that when the first drop of thiosulphate is 
added. See whether the results fit the bimolecular equation, and 
calculate a value for the velocity constant. 

Now repeat the experiment using instead of the 20 c.c. of water 
20 c.c. of 0*6 per cent, solution of copper sulphate. 

In calculating the amount of iodine, calculate the amount formed by 
tho action of the copper sulphate on the iodide and subtract that from 
the amount titrated. 

See whether the bimolecular equation still holds, and calculate the 
new velocity constant. 

SUGGESTIONS FOR FURTHER PRACTICAL WORK 

Study the effect of the following substances as catalysts on the 
mutarobation of glucose : 

(1) N Potassium chloride. 

(2) Nl 10 Hydrochloric acid. 

(3) N sodium acetate, approximately neutralised by addition of N/20 
acetic acid. 

SUGGESTIONS FOR FURTHER READING 
Sabatier, P. "Catalysis in Organic Chemistry.” Library Press, 

1923. 

Ride a l, E. K. and Taylor, H. S. “ Catalysis in Theory and Practice." 

Macmillan, 1926. 

QUESTIONS 

(1) What is meant by the term "catalysis" ? What criteria of cata- 
lytic behaviour have been laid down ? Discuss their applicability. 

(2) Write an account of water as a catalyst. 

(3) Discuss the work on catalysis by hydrogen ions and by neutral 
salts. 

(4) What mechanism can be ascribed to heterogeneous catalysis ? 



CHAPTER XIX 
PHOTOCHEMISTRY 


858. The Absorption of Light. — Photochemistry concerns itself 
with reactions which arc accompanied by the absorption or emission 
of light, the term " light ” being used in its widest sense to include 
all radiation. 

When light falls on any body, part of it is reflected, part may be 
transmitted, and part may be absorbed. The principles of energy 
demand that only the absorbed light should be effective in bringing 
about chemical action. This was established by Grotthus on 
theoretical grounds in 1818, and confirmed by Draper in 1839 by 
experiment. It is usually called the Grotthus -Draper Law . The 
converse of the Law is not true. All absorbed light does not bring 
about chemical action. In many cases light is absorbed without 
any apparent chemical effect. Thus light is strongly absorbed by 
solutions of potassium permanganate over certain spectral ranges, 
but no chemical effect is noticed. The energy thus absorbed is 
converted mainly into thermal energy. We shall also discover 
later that the light causing a reaction need not be absorbed by the 
substance itself, but by another in the vicinity of the substance 
which undergoes change, the absorbing body being itself chemically 
unaffected. This occurs in the phenomenon known as sensitisation 
(p. 725). 

359. Fresnel’s Reflection Law. — It was shown by the physicist 
Fresnel, that the proportion of the incident monochromatic light 
reflected by a surface perpendicular to the incident beam is given by 



where I r and I i are the intensities of the reflected and incident light 
respectively, and n is the refractive index of the reflecting medium 
for light of the wavelength used. Since n is a constant for constant 


wavelength and meciium, the fraction | 


may be written as a 


constant, K . 

The amount of light which penetrates into the medium must be 
l i — I r . Not all of this passes right through. Some is absorbed, 
and only a fraction is therefore transmitted. The proportion of 

m 
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light absorbed is given by two laws, the lirst Lambert’s Absorption 
Law and the second Beer’s Law. 

360. Lambert’s Absorption Law. — Lambert, in 1760, found that 
layers of equal thickness of a homogeneous absorbing medium 
absorb equal proportions of the penetrating radiation. Consider 
a thin layer of the medium of thickness dx. If the light incident 
upon it is I d9 an amount of light dl d will be absorbed, and according 
to the Law this is proportional to I d . 

^-~k1 

dx ~ Kl » 


On integration this gives 

log, I t = — kx + e. 

When l d = I it x = 0. 

C = log„ I i 

where d is the thickness. 

This is the mathematical expression of the Law. k is called the 

“absorption coefficient.” It is clear 

— - 7 | that the absorption depends on the 

i number of molecules present. Li 

layers of equal thickness there will be 

^ an equal number of molecules, which 
Fig. 204. will absorb equal fractions of the light. 

Bunsen, instead of using the absorp- 
tion coefficient, used the extinction coefficient a, which is the 
reciprocal of that layer thickness, expressed in centimetres, at 
which ^ has fallen to one-tenth of its original value. It is an easy 
exercise to show that 

a = 0-4343*. 

361. Beer’s Law. — This extension of Lambert’s Law was put 
forward in 1852. The Law states that the degree of absorption of 
light depends on the thickness, d, of the layer traversed, and on the 
molecular concentration in that layer. Thus a layer of gaseous 
chlorine 20 cm. long at a pressure of 0*1 atmos. should possess the 
same transmission as a 10 cm. layer where the chlorine pressure is 
0*2 atmos., a fact demonstrated experimentally by von Halban in 
1922. The Law can be expressed mathematically in the form 


or, 

where 


I d « I/r** 

I d = IiX 10 -a* 
a = 0 43A&V. 


The constant V is the molecular absorption coefficient, whilst a is 
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the more frequently used molecular extinction coefficient. The 
latter is the thickness in centimetres of a layer of a molar solution 
which will reduce the intensity of light passing through it to one- 
tenth of its original value. 

Beer’s Law has a number of exceptions. It is usually found that 
at high concentrations the substance absorbs more strongly than 
. the equation requires. 

The extinction coefficient, a, varies a great deal from substance to 
substance and also with the wavelength of the light used. If white 
light is allowed to fall upon a coloured transparent substance and 
the transmitted light is viewed through a spectroscope, it is found 
that the light is absorbed to a much greater extent in certain 
spectral ranges ; so much so, in fact, that there is frequently 
practically no light transmitted at all at some wavelengths. These 
places of great absorption in the spectrum are called absorption 
bands, and are characteristic of the substances giving them. Absorp- 
tion bands may also occur in the ultra-violet, and their study is of 
considerable importance in connection with the elucidation of 
atomic and molecular structure (§ 376). 

The nature and position of the absorption bands decide the 
colour of the substance. A substance lilce chlorine absorbs chiefly 
in the blue and violet, and so the transmitted light (when white 
light is incident upon it) is a mixture of all the colours from green 
to red. To us the substance appears yellowish-green. Bromine 
absorbs considerably more towards the red, i.e., more green, and 
the vapour therefore possesses a brownish colour. Iodine absorbs 
strongly in the green, allowing violet and blue, and also the red end 
of the spectrum, to come through. Hence the vapour appears to 
be purple. Fluorine absorbs considerably in the ultra-violet and 
little in the visible, and therefore appears to us pale yellow in 
colour. 

The absorption spectrum of a compound is closely related to its 
constitution, and, in fact, frequently provides useful information 
concerning it. The absorption spectra of tautomers are frequently 
different from each other. Hantzsch and others have used the 
method to investigate the tautomeric nature of certain organic 
substances. A good example of this is shown in the recent investi- 
gation of the constitution of nitric acid by von Halban. It is known 
that nitric acid will behave in two ways. When concentrated, it 
splits off an OH group and furnishes a nitro-group, N0 2 , for example, 
to a hydrocarbon of the aromatic series, such as benzene, which can 
provide an H atom to combine with the OH to form water. 

C 0 H t + OH. NO* = C^.NO* + H,0. 
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Its constitution may here be represented as OH(NO f ). In dilute 
aqueous solution, however, it splits off a hydrogen ion and forms salts 
with bases. Its structure must then be of the type H(NO a ). Now 
nitric acid absorbs in the ultra-violet and the absorption bands have 
been measured for the concentrated and dilute solutions of the acid. 
The two sets of absorption bands are quite different from each other, 
and therefore indicate the existence of two different forms of the 
acid. As the diluted acid is made more concentrated, the absorption 
gradually changes from the one form to the other, thus showing that 
there is a tautomeric equilibrium between the two forms of the acid 
at intermediate dilutions. 

The investigation of the infra-red absorption spectra of substances 
is now used as a valuable method of analysis, particularly of organio 
compounds, such as hydrocarbon mixtures. This work has been 
largely developed by H. W. Thompson and his school. The infra-red 
absorption spectrum of nitric acid has indicated that the pure sub- 
stance is associated. This may occur by hydrogen bonds between two 


molecules, e.g. f 




OH. 


O, 


\n 


x y*° 

>0 HO/ 


in chains. When 


the acid is diluted, the intensity of the band due to the associated 
molecule rapidly diminishes and has almost disappeared at a 
concentration of 80%. 

The question of absorption spectra assumes great importance when 
dealing with the structures of organic colouring matters. The theory 
of the colour of organic compounds has yet to be worked out, but a 
few qualitative rules have been derived as the result of the work of 
Witt in 1876, and ol Rauffmann in 1907. An organic coloured sub- 
stance must contain one or more of a certain set of unsaturated 
groups, called chromophores , of which the chief are 

C=C, C=0, C=S, C=N, N=N, N=0, N0 lf 
and the ortho - and para-quitiuiioid structures 

^ and =< 

/ 

Compounds containing these only are usually lightly coloured. The 
introduction of other groups into the molecule intensifies the colour 
and shifts the absorption bands. Thus the introduction of OH, NH 2 
or CH 8 moves the absorption bands towards the red. Others shift 
the absorption towards tho blue, e.g ., CH 3 CO—, and C 6 H 5 CO — . 

The absorption spectrum of a substance may vary with the 
solvent. Some salts have their absorption spectra widely displaced 
on solution in difforent solvents. This may be due to solvation or 
deformation of the electron shells in various ways owing to the 
polarisation of the solvents used (§ 382). 
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362. Application of the Quantum Theory. — The laws so far men* 

• tioned do not depend for their truth on any hypothesis concerning 
the nature of light ; but they do not load very far, and as soon as we 
desire to find out the nature of a photochemical change the necessity 
of knowing more of the nature of the radiation producing it is appa- 
rent. According to the quantum theory, light is not a continuous 
radiation ; it is made up of quanta of energy, the amount of energy 
in each quantum being hy, where h is Planck's constant and v the 
frequency of the radiation. Light cannot therefore be absorbed con- 
tinuously, but only in multiples of this quantum. The number of 
quanta which will be absorbed by any given body will depend on the 
number of molecules which can absorb the light (t.e., to the product 
of c and d, where c is the concentration and d the thickness of the 
layer), and upon the probability that the molecules that can absorb 
will bo in a condition to do so. The probability term corresponds to 
the molecular extinction coefficient a, which, of course, varies greatly 
from substance to substance. 

Clearly the greater the frequency of the light, t.e., the smaller the 
wavelength (for wavelength X, and frequency y, are connected by the 
equation r=rX, where v is the velocity), the greater will be the energy 
associated with the quantum. That is why ultra-violet light is 
specially active in bringing about photochemical changes. Table 
CXVII. gives (and Fig. 205 plots) amounts of energy associated with 
the quanta of radiations of various frequencies. 

Table CXVII. — Energy corresponding to various Wave- 


lengths of Light 

(h 6-548 x 10~ 27 erg. secs.) 


Colour. 

Upper wave- 
length limit \ 
in Angstroms. 

Energy per hv , ergs. 

U~Nhv gm.-cals. 

Red 

7,500 

2-62 x 10- 12 

37,950 

Orange 


3-02 X 10~ 12 

43,740 

Yellow 


3-33 X 10-12 

48,220 

Qreen 

5,750 

3-42 X 10- 12 


Blue 

4,900 

4-01 X 10-i 2 

58.080 

Violet 

4,550 

4*32 x IO -12 


Ultra-violet 

3,950 

4-97 x JO- 12 

71.990 


In column 4 the amount of energy absorbed by 1 gm. -molecule of a 
substance if one quantum was absorbed by each molecule is tabu- 
lated. In calculating the above figures, the velocity of light is taken 
as 3 X 10 10 cms. per sec., and 2V, Avogadro's Number, as 6-06 x 10 23 . 
One gm.-cal. is equal to 4-184 X 10 7 ergs (p. 188). m 

Since the illuminating power of a source is measured in candle- 
power, the latter being defined as the illuminating power given by a 
standard source, it is useful to know how many quanta per second 
correspond to the light of a standard candle. This will, of oourse, 
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vary with the wavelength of the light used. For this purpose, 
Gerlach found the amount of energy falling on a surface of area 
1 sq. cm. at 1 metre from a standard lamp, and worked out the 
energy per second associated wi^h one candle-power. This amount 
of energy, which came out to be 947 ergs per sq. cm. per sec., or 
22-6 X 10~ e gm.-cals. per sq. cm. per sec., is called the * energy 
candle-power/’ The number of quanta per second, of light of any 
wavelength comprised in one energy candle-powr can be found, 
since the energy of one quantum is hv. 

363. Consequences of the Absorption of Light — When light is 
absorbed by a system, one or more of several phenomena may occur. 
The absorption of light means the absorption of energy, and hence 



2 *496760 10 

Wkvi-L*ngth A *10"* 

Fio. 206. — Connection between Wave-length and Energy of Quantum. 

the primary effect in all photo-processes Is either an increase in the 
thermal energy of the system or a raising of the electrons in the 
atoms or molecules composing the system to higher energy levels 
(a process known as activation, or electronic excitation). The first 
of these possibilities is not of great importance when the effects of 
visible light are being considered. Here it is the second effect 
which is predominant. 

Photo-processes may be considered under two heads : (a) photo- 
physical processes ; ( b ) photochemical processes. All photo- 
processes which do not involve chemical change belong to the first 
class. When fight is absorbed by a body, if it has sufficient energy 
it will be able to raise certain electrons of the atoms, not only 
through one or two energy levels, but to eject them completely, 
thus ionising the atoms. This effect is known as the ^hoto-ekctric 
effect, (§ 365). If the light absorbed is not sufficiently energetic to 
remove an electron completely it will raise it to a higher energy 
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level, from which it may return to its normal state, either directly 
or in steps, with emission of energy in the form of light. 

This re-emission may be either instantaneous (fluorescence) or 
after a time lag (phosphorescence). The energy may, however, be 
stored by the atom and used for bringing about chemical reactions 
(photochemical reactions ), the fluorescence or phosphorescence effects 
being absent. These facts may be summarised as follows 

Atom -f light energy 


Klectrons transferred to Ionised atom -f electron (removed 

higher energy levels. completely)-- photo-electric effect. 



Revert to normal Revert to normal state Revert to normal state 
state instantaneously after time lag — after causing or 

— j fluorescence . phosphorescence . entering into chemical 

acti on — 

photochemical reaction. 

364. Photophysical Change. — We may include under this heading 
such phenomena as the photo-electric effect, fluorescence, and 
phosphorescence. Although not strictly chemical phenomena, the 
chemist must have some knowledge of them, and reference to them 
here is therefore not out of place. 

In dealing with the effects produced by light absorption it is well 
to realise that whilst the primary effects may be simple, yet these 
are frequently masked by the occurrence of secondary changes, 
often of a much more complicated nature. Hence it is that many 
of the simple laws underlying photochemical and photophysical 
processes m completely masked, and are therefore difficult to verify. 
The same behaviour has already been noted in connection with 
orders of reaction. Whilst we know the simple laws which underlie 
uni-, bi- and termolecular reactions, we find it difficult to point to 
many reactions which obey" these laws. Thus, only a dozen or so 
reactions out of the hundreds tested obey strictly the bimolecular 
law. All the rest are complicated by secondary reactions. Eggert 
has pointed out that the same is true of electrolysis. Faraday’s 
laws underlie this phenomenon, but in many cases they fail to cover 
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the facts owing to secondary changes. We must be prepared for 
this in the study of photochemistry. # 

865. Photo-electric Cells. — Light has a peculiar effect on the 
alkali metals. It was discovered by Hallwachs as far back as 1888 
that when light (and particularly the ultra-violet) is allowed to fall on 
an alkali metal, electrons are given off from the surface of the metal. 
He did not state his observations in these terms, but that is what 
actually happens. A type of photo-electric cell is represented in 
diagrammatio form in Fig. 206. The evacuated glass vessel, g 9 has 
a mirror of potassium (or some other alkali metal) on one side of its 
interior. The vessel is also provided with a platinum wire ring. 
The connections are made through the glass as in the diagram, a 



Fio. 206 . — Photo-electric Cell (diagrammatic). 


sensitive galvanometer and a battery being connected in the 
circuit. On exposing the cell to light, a current is observed to flow 
through the circuit owing to the passage of electrons from the alkali 
metal to the ring, and it is found that (under suitable conditions) 1 
the strength of the current is proportional to the intensity of the 
light. 

Of course, photo-electric cells have been greatly improved since 
their inception, but the principle upon which they work is shown 
by this simple type. It has been found that the quantum theory 
provides a very satisfactory explanation of the effect. Millikan, 
working with a lithium cell, found the e.m.f. it was necessary to 
apply to oppose the photo-electric current and reduce it to zero. 
He determined this voltage for light of various wavelengths, and it 
was found that when the limiting voltage was plotted against the 


1 The current strength is only proportional to the light intensity under 
special circumstances ; (a) The ceil must be evacuated (not a so-called gas- 
filled cell), (b) The applied voltage must be high enough to ensure tliat the 
current is saturated, that ail emitted electrons are caught by the ring. 
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frequency of the light, a straight tine graph was obtained (Fig. 207). 
If it is assumed that one quantum of light liberates one eleotron, the 
energy with which the eleotron is emitted, Ve, must be equal to the 
energy of the quantum, hv. 

Ve = hv 

where V is the potential under which the electrons are emitted and 
e is the charge on the electron. In making this equality we have 
made the assumption that no work is done by the electron in 
escaping from the surfaoe of the metal (“ Austrittsarbeit ”). In 
general, this amount must be taken into consideration. Let us call 
it p. Then 

Ve =» hv — p. 

The values of h and of p can be found from the curve drawn in Fig. 
207. Taking, for example, the point A where the opposing potential 



Fiq. 207. — Millikan's Curve for Photo-electric Potential against 
frequency for a Lithium Cell. 


is zero and v is 94 x 10 la , and B, where the opposing potential is 
0*8 volts and v is 113 0 X 10 18 , we have the following equations : 

0 = h X 94 X 10 13 - p 


0*8 X 4-77 X 10- 10 = h x 113 0 X 10 18 - p. 

Subtracting the first equation from the second and dividing by 
300 to bring the volts into electrostatic units (p. 57), we have 


h 


0-8 X 4-77 X 10“ 10 
(113 0 - 94 0) x 10 18 X 300 


6 69 X 10-w 


This agrees very well with the actual value of the Planck constant 
derived by many other methods (6*548 X lO"* 7 erg-seconds). jS can 
be derived similarly, and comes out to be 6*2 x 10“ 1# erg. 

What happens in the photo-electric process is that ionisation is 
produced by the absorption of energy. By the absorption of one 
quantum the valency electron (p. 156) is completely removed from 
the atom. 

When certain substances are illuminated, it is found that their 
electrical conductivity is increased. This was first discovered for 
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the dement selenium, and the effect was made use of in the selenium 
cell, put selenium is not the only element that shows the effect, 
and many crystalline substances (all with a refractive index over 2, 
and therefore with high electronic deformation (§ 380) ) also come 
into this class. . The theory of photo-conduction has not been fully 
worked out. Probably what happens is that by the action of light 
electrons are loosened in the space lattice, and on application of a 
field are capable of migrating through the substance to the elec- 
trodes, just as the electrons in a metal (§ 268). The experiments 
of Gudden and Pohl show that for every quantum absorbed, one 
electron is set free. 

The commercial application of photo-electric cells is most impor- 
tant and interesting, but there is no space to deal with it here in 
detail. Talking pictures are made possible entirely by the photo- 
electric effect. The operation of electrical apparatus by light rays 
at a distance, as in burglar alarms, etc., makes use of photo-electric 
cells. The discovery of these phenomena ranks next in importance 
to that of the wireless valve from the point of view of practical 
application. r 

366. Fluorescence. — Fluorescence may be regarded as a secondary 
effect consequent upon the primary process of absorption of a 
quantum of light by an atom or molecule. In fluorescence, light is 
absorbed at a certain wavelength and emitted at a greater wave- 
length. This fact was discovered by Stokes in 1852. There are 
but few exceptions to this law, and they can be readily explained 
(see below). Fluorescein and eosin are stock examples of fluorescent 
substances, but the phenomenon is shown by a very large number of 
compounds (including inorganic compounds, such as uranyl sulphate 
U0 2 . S0 4 ), and frequently also in the ultra-violet, so that the 
fluorescence is invisible. What happens in this process ? The 
molecule absorbs a quantum of energy Ay. This quantity is sufficient 
to raile an electron to a higher energy level, but not to eject it 
completely. 1 The electron returns to its original level by steps, 
going through Intermediate orbits. Since these jumps ace none 
of them of such great energy value as the original jump, the 
wavelength of the emitted light must be greater than that of the 
absorbed light. 

A very interesting case of fluorescence which explains the few 
exceptions to Stokes’ rule was discovered by Franck and Cario in 
1923. Mercury vapour absorbs light of wavelength 2536 A., but is 
not ionised by it. The vapour merely “ glows ” with that light 
—the light is emitted at the same wavelength as that at which it 
was absorbed. This process is called “ resonance,” and is analogous 
to acoustical resonance. If mercury vapour is mixed with the 
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vapours of silver, lead, sodium or thallium, and is then irradiated 
with light of wavelength 2536 A., the vapours of the foreign metals 
fluoresce. Franck called this " sensitised fluorescence.” He 
showed that when a quantum is absorbed it merely adds itself to the 
energy already inherent in the molecule as thermal energy, and 
enables electrons to be raised to higher energy levels than would 
be possible with the quantum alone. Thus, we can, in a few 
cases, induce fluorescence of shorter wavelength than that of the 
absorbed light, since the energy emitted is not only that of the 
absorbed quantum, but also that inherent in the system before the 
absorption. 

367. Phosphorescence. — Fluorescence is instantaneous. As soon 
as the light is absorbed, fluorescence commences, and, as soon as it is ' 
cut off, the fluorescence ceases. When we say instantaneous, we 
mean that the time interval between the two events is not greater 
than 10~* sec. In the case of phosphorescence a substance, after 
absorbing light, oontinues to emit light of another wavelength for 
some time afterwards. Numerous phosphors can now be mode by 
preparing intimate mixtures of sulphides of the alkaline earth metals 
with about 2-5 per cent, of alkali chloride/ and a trace of the sulphide 
of a heavy metal. Phosphorescence is best looked upon as slow 
fluorescence. It is found mainly in solids, as might be expected 
owing to the greater difficulty of motion. It is found that if 
fluorescent substances are fixed by fusion with, say, boric acid and 
cooling, the masses thus formed phosphoresce. 

368. Photochemical Reactions. — It has already been stated 
(§ 363) that when light is absorbed by an atom or molecule the 
primary change is the formation of an excited atom or particle : 

A + hv = A* 

where A* represents excited A. This is to be regarded as the 
primary process in all cases, whether photophysical or photo- 
chemical. 

As regards primary chemical changes, Einstein assumes, in 
accordance with the above, that each molecule entering into reaction 
has to be excited by the absorption of one quantum of radiation . This 
is known as the law of the photochemical equivalent. It is necessary 
to emphasise once again that it applies only to the primary process, 
and that, in general, secondary processes take place quite inde- 
pendent of the light reaotion, and may completely mask the energy 
change of the primary process. The quantum efficiency , y, of a 
reaotion is the number of molecules actually decomposed per 
quantum of radiation absorbed. It, is sometimes called the photo- 
chemical yield . 
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A very great number of photochemical reactions have been 
studied, and most books on the subject are more or less a collection 
of the facts with little attempt at systematisation, for it is exceed- 
ingly difficult to embrace the many facts in one system. We may, 
however, classify photochemical reactions roughly into the following 
classes (after Eggert) : — 


T. Dissociation. The most Frequent* 
oF photochemical changes 

XY* — * X+Y 


JL Double Decomposition 

XY* + 2 — » XZ + Y 

m. Isomeric Chan ge 

XY* * YX 

BC.fa) Addition 

XY* + Z — >XYZ 

(b) Pol y merisation 

XY* *XY — >X 2 Y2 

(c) Chain Reactions 


Y. Photo-Sensitisation 
XY * + Z ■ XY ♦ Z * 

z*can undergo change as I-II 
Fig. 208. — Photochemical Processes. 

Examples of these various classes will be taken. The velocity 
of any chemical reaction is the s]>ecd at which the slowest stage of it 
takes place. Now in all probability the excitation of the atom or 
molecule by the absorption of a quantum is the most rapid part, 
for it has been shown that the time taken for excitation, if the 
quanta are available, is less than 10“® second. The speed of the 
reaction will therefore be dependent largely upon the subsequent 
chemical reactions. 

869 . Examples of Secondary Processes. — (1) Dissociation . — This 
is by far the most common type of secondary reaction in photo- 
chemical processes. 

The decomposition of hydrogen bromide and hydrogen iodide has 
been investigated by Warburg (1916). It was found that two 
molecules of gas were decomposed by a single quantum of light 
energy. Warburg explained this by assuming that the primary 
photochemical absorption of a quantum led to formation of atoms 
of both hydrogen and bromine. 
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HBr -f* hv » H + Br. 

This is followed by the secondary change 
H -f HBr =* H| *f 

and halogen molecules are then formed from the atoms by 
recombination, 

Br -f Br = Br*. 

There is another explanation. Stem and Volmer (1022) have 
pointed out that the absorption of light energy might give rise to 
an energy-rich form of the hydrogen bromide, which on collision with 
an . ordinary inactive molecule could cause decomposition as 
follows : 

HBr + hw = HBr* 

HBr* + HBr =* H* + Br*. 

Experiments on the absorption spectra of the halogen hydrides are in 
favour of Warburg’s theory. 

A very important reaction falling into this class is the formation 
of the latent image in photography. Radiation is capable of break- 
ing up the silver halides into their elements. In this case, however, 
we are dealing with a reaction in the solid state and not one taking 
place in the gaseous phase. The process is represented as 

(AgBr)* « Ag + Br. 

If the silver halide is exposed to light it turns grey in time, owing 
to the formation of free silver and free bromine. Why does this 
reaction take place I It has been shown that the silver halides form 
an ionic lattice, such as that found in sodium chloride. It is a well- 
known fact that fused silver chloride will conduct, the electrolysis 
of fused silver chloride being used for the preparation of pure 
chlorine. Now an ionic lattice means that the bromine ion in the 
silver bromide is much more loosely held than in an ordinary 
molecular lattice. Substances with ionic lattices are more or less 
easily affected by light. Thus coloured rock-salt can readily be 
prepared by irradiation of rock-salt orystals with ultra-violet light, 
the colour being due to the formation of free sodium. In the case 
of silver bromide it is thought that excitation of the bromide ion 
first takes place with liberation of free bromine and an electron. 
The electron then neutralises the silver ion and gives free silver : 

(Br-)* * Br + t 
Ag+ + c * Ag. 

In photography this process is not carried to completion. In 
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some way the few silver particles formed are able to break down 
the silver halide in their neighbourhood catalytically when treated 
with an organic reducing agent (the "developer). The theory of 
this process is still in doubt. 

The majority of photochemical dissociation reactions do not give 
a quantum efficiency agreeing with Einstein's Law. 

(2) Double Decomposition . — The action of bromine on hexahydro- 
benzene, C e H 12 , when illuminated by light of wavelength 4760 A., 
gives mono-bromhexahydrobenzene and hydrogen bromide. 

”1“ Br a = C a H n Br + HBr. 


The reaction was investigated by Nemst and Pusch, who fonnd y « 
1*1, and by Noddack, using light of wavelength 4690 A., who found 
y = 1 * 0 . 

The action of water on monochloracetic acid is another example 
of such a reaction, 

CH 2 Cl.COOH + H 2 0 = CH 2 OH.COOH + HCL 


The quantum efficiency in most of these simple interchange 
reactions is found to be approximately 1*0, as required by Einstein’s 
Law. 

(3) Isomeric Transformation . — This was investigated by Warburg 
in 1912 with the conversion of maleic into fumaric acid and the 
reverse reaction, by exposing their aqueous solutions to light of 
wavelength 2070 A., 2530 A. and 2820 A. 


and 


C 


( 


H.C.COOHx* 
.H.C.COOH/ 

H.C.COOHn* 

” 1 

HOOC.C.H ) 


H.C.COOH 

II 

OOOH.C.H 

H.C.COOH 

II 

H.C.COOH 


Neither of these reactions obeys Einstein’s Law. It was found that 
in the formation of fumaric from maleic acid 0-03 molecule was 
transformed per quantum, for light of wavelength 2070 A., whilst 
in the reverse process it was 0*11. 

It is clear that as both the forward and the reverse reactions are 
brought about by the absorption of light, a state of equilibrium will 
ultimately be reached, when as much fumaric is converted into 
maleic add, as the reverse. Suoh an equilibrium is called a “ photo- 
stationary state.” The position of the equilibrium oan be calculated 
from a knowledge of the quantum efficiencies of the forward and the 
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reverse reactions. In this case the equilibrium mixture is found to 
contain approximately 75 per cent, of maleic acid. The low 
quantum yields in this photochemical reaction have been explained 
by Warburg by supposing that the primary action of the light is to 
separate the molecules into two portions which can then re-unite. 
Some of them combine to give the isomer, whilst others give the 
original molecule again. . The probability of the latter process is 
supposed to be considerably greater than that of the former. 

(4) Polymerisation — a special case of addition. This is illustrated 
by the polymerisation of anthracene C 14 H 10 , to dianthracene, 
^ 28 ^ 20 * in solution (benzene, toluene and xylene have been used as 
solvents). This reaction was investigated by Luther and Weigert 
(1905), who found that the polymerisation was reversed in the dark, 
the dianthracene depolymerising to form anthracene. This 
reaction goes practically to completion in the dark. 

light 

2C14H10 ^ C 28 H ?0 

dark 

When a solution of anthracene in benzene is illuminated, these two 
reactions go on together ; polymerisation occurs under the influence 
of the light, and depolymerisation owing to the thermal effect. 
When the rates of these two reactions become equal, a photo- 
stationary state is reached. The value for the quantum efficiency 
given by Weigert is 0-48, when the wavelength of light used was 
3660 A. It is clear, then, that the Einstein Law is not obeyed, and 
that the primary process is not so simple as that outlined above. 
Similar results have been obtained by Weigert and Kruger (1913) 
with methylanthracene. 

Further examples of addition are provided by the photo- 
chemical action of carbon monoxide on chlorine (quantum efficiency 
1,000-1,500), which is briefly referred to under chain reactions ; the 
combination of hydrogen and chlorine (§ 370), etc. 

(5) Sensitisation . — As in the case of sensitised fluorescence, the 
substance which undergoes change in a photochemical process need 
not necessarily be the absorbing molecule. There may be present 
something else which does not undergo change, but merely absorbs 
the energy, and then hands it on to the substances that will react. 
This process is called photo-sensitisation, and is of very great 
importance. 

One of the most important photo-chemical processes is that 
which goes on in nature every day, viz:, the building up of carbo- 
hydrates in plants from carbon dioxide and water in the presence 
of light. The reaction expressing the change is 

zCO| yU|0 = C^H|0) v 4* 
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It was at first assumed that formaldehyde was the original product 
C0 2 + H a O = HCHO + O v 

and that this polymerised to carbohydrates. This reaction can be 
brought about on the laboratory scale, but only very small quantities 
of carbohydrates are produced. It has been claimed that the 
production of formaldehyde from carbon, dioxide and water under 
the influence of ultra-violet light has been demonstrated ; but even 
if this can be done in the laboratory, it is quite uncertain whether 
this can be the mechanism of the reaction in the case of plants, as 
formaldehyde is a plant poison. 

Carbon dioxide and water absorb only in the ultra-violet, as they 
are colourless. It is thought that their photochemical combination 
is photo-sensitised by chlorophyll, the green colouring matter of 
plants. This substance absorbs in the visible, and appears to be 
able to hand on the energy thus gained to the carbon dioxide and 
water molecules, causing them to combine even in the absence of 
ultra-violet light. This is the simplest explanation of the reaction 
of which the mechanism is not definitely known. Many more 
complicated explanations have been put forward, in which the 
chlorophyll plays a definite chemical part ; the best of these appears 
to be that the chlorophyll combines with carbon dioxide in the 
presence of an enzyme to give water, carbohydrates and dehydro- 
genated chlorophyll. This is a “ dark ” reaction. The dehydro- 
genated chlorophyll then undergoes a photochemical reaction with 
water, re-forming chlorophyll, and oxygen is evolved. This theory 
agrees with the majority of the facts discovered about photo- 
synthesis, and explains why the irradiation of a mixture of carbonic 
acid and chlorophyll with ultra-violet light under laboratory 
conditions does not produce a carbohydrate. The enzyme (provided 
in nature by the plant) is absent. 

Another extremely important process based on photo-sensitisation 
is the use of the cyanine dyes in the manufacture of photographic 
plates. An ordinary photographic plate is much more sensitive to 
light of short wavelength than to light of longer wavelength (e.g., the 
red). It is found, however, that if a small quantity of a special 
dyestuff is incorporated with the halides in the making of the 
emulsion, there is a much more even spectral sensitivity. This is 
due to the fact that the dyestuff absorbs light much more regularly 
over the visible spectrum than does the hande mixture alone, and 
it is able to hand on the energy thus gained to the halides and 
reduce them juBt as if they themselves had absorbed the light. 
These plates, which are considerably more sensitive over the whole 
spectrum range, are called “ panchromatic ” plates. They are 
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sensitive even to the red light that is used in dark rooms, and so 
must be worked in complete darkness. 

370. Chain Reactions. — One of the fastest reactions known is the 
photochemical combination of hydrogen and chlorine in the presence 
of a small quantity of water vapour. 1 This reaotion is explosive 
when the system is exposed to ultra-violet light, and experiment 
shows that the photochemical yield (p. 721) may be as great as 10 s , 
though it decreases greatly as the pressure is decreased* This 
reaction has been very exhaustively studied, and it has been found 
that there is an induction period before reaction takes place whioh 
varies with the experimental conditions. This appears to be due 
to the presence of impurities, which are removed by the chlorine 
before combining with the hydrogen. It has also been discovered 
that the presence of oxygen exerts an inhibitory effect, and that 
vater vapour is necessary if the reaction is to take place in visible 
light. 

Any satisfactory explanation of the process must take all these 
facts into account, but at the moment none is forthcoming. Nernst 
(1916, 1918) supposed that the absorbed light first brought about 
decomposition of the chlorine molecules into atoms, and that then 
a chain of reactions took place. The photochemical reaction 
therefore merely starts off the chain. 

Cl a + hv = 2C1 
Cl + H 2 * HC1 + H 
H + Cl 2 - HC1 + Cl. 

The two secondary reactions are both accompanied by a 
decrease in the free energy, and hence will occur spontaneously. 
The chain of reactions will go on until the hydrogen or chlorine 
atoms are removed in some way, such as by formation of 
molecules. 

There is a considerable amount of evidence in favour of this 
view : (1) if some substance could be added to the system to remove 
chlorine or hydrogen atoms, the chain would be broken, - (2) Marshall 
and Taylor have shown that at least one step in the chain can be 
carried out experimentally. Atomic hydrogen, obtained by passing 
a powerful electric discharge through molecular hydrogen, when 
passed into chlorine which has not been illuminated, gives measur- 
able quantities of hydrogen chloride. The amount of hydrogen 
chloride formed, however, varies with the pressure. Unfortunately, 
no detectable amount of hydrogen chloride appears to be formed 

i It has been stated recently that drying has no inhibiting effect on thi* 
reaction, and hence one of the difficulties of the Nernst chain theory is 
removed. See Annual Imports, 1933, p. 49. 
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when illuminated chlorine, which might quite possibly contain 
chlorine atoms, is passed into ordinaiy hydrogen. However, 
hydrogen chloride is produced when chlorine atoms are formed, by 
chemical reaction, in the presence of hydrogen. 

The Nemst chain does not explain the effect of water vapour on 
the course of the reaction, and Coehn has put forward a theory to 
take this effect into account. No chain is supposed to occur in the 
ultra-violet reaction. It is impossible here to enter into a study of 
the various mechanisms proposed. Enough has been said to show 
that the problem is one of extraordinary difficulty. 1 

It is interesting to note that heavy hydrogen, H 4 , reacts throe 
times as slowly with chlorine as the lighter isotope, H 1 , in this 
photochemical action. If the reaction is carried out with ordinary 
hydrogen (i.e., a mixture of H* and HJ), the proportion of the 
heavy isotope increases during the course of the reaction owing to 
the more rapid removal of the light isotope. The difference in rate 
occurs in the first part of the chain (Cl + H^ = H^l + H 2 ), there 
being no difference in the rate in the second part. 

Other reactions in which there is great deviation from the law of 
the photochemical equivalent are the combination of carbon 
monoxide and chlorine, and the chlorination of methane. In both 
these cases it is not possible to assume a mechanism like the Nemst 
chain as, of course, neither CO nor CH 4 can exist in an “ atomic 99 
form. 

371. Causes of Deviations from the Einstein Law. — Several 
reasons have been put forward from time to time for the failure of a 
reaction to obey the Einstein Law of the Photoohemical Equivalent. 
The two main reasons for low quantum yields may be stated as 
<1) all the absorbing molecules do not react, as before they have a 
chance to do so, some process involving deactivation occurs, and 
(2) all the absorbing molecules do not receive enough energy to 
enable them to react. 

Considering the first reason, there may be present in the gas 
some inert molecules, say, for example, the walls of the vessel, or 
some impurity, which, on collision with the activated molecule, 
shares some of its energy, thus making the activated molecule itself 
not energetic enough to cause reaction. Again, there may be mole- 
cules in the substance with which the activated molecules are to 
combine, which have much less energy than the average, and the 
absorption of the energy of activation from the active molecule is 
not enough to bring it to the point of decomposition. 

1 For a detailed aeoount of the hydrogen-ehlorine reaction see Griffith and 
McKeown, “ Photoproeesaea in Gaseous and Liquid Systems ” (Longmans- 
1089V HP" 818-878. 
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Considering the second reason, it is quite possible that even after 
the absorption of one quantum of energy by each molecule they 
may yet be unable to react, being still without sufficient energy. 
It must be supposed that activation is the movement of an electron 
in the atom to a level of higher energy (§ 363). When this energy 
level is high enough, combination will take place. Only those mole- 
cules or atoms with electrons already in some level above the normal 
may be brought into a reactive state by the absorption of one 
quantum of radiation. This would easily account for low quantum 
yields. 

For reactions with high quantum yields it is necessary to postulate 
some form of chain reaction, such as in the hydrogen-chlorine 
reaction (§ 370). 

372. The Photochemical Action of X-rays. — Strictly speaking, we 
should include in the subject of photochemistry the photochemical 
effects of X-rays. The matter is here,, however, considerably 
complicated by the fact that when X-rays strike any body they 
give rise to secondary radiations which are themselves photo- 
chemically active. The commonest reaction in which X-rays are 
involved is the photochemical reduction of the silver halides in the 
photography of X-ray pictures. Many other reactions have also 
been investigated, and the use of X-rays in medicine (radio-therapy) 
is based on the biochemical reactions induced by them. 

373. The Effect of Sound Waves on Chemical Reactions. — Richards 
and Loomis (J. Amer. Chem. Soc ., 1927, 49, 3,086) have recently 
shown that chemical reaction may be accelerated by sound waves 
of very high frequency (considerably above the highest audible 
frequency). This radiation is called supersonic radiation. Sound 
waves, unlike light waves, are made up of a series of rarefactions 
and compressions in a material medium. When these waves fall 
on a molecule the effect will be similar to an increase in temperature. 
Sound waves are capable of causing the detonation of explosives. 
This would be expected. There are, however, a number of unex- 
pected reactions, e.g., it is said that the rate of hydrolysis of dimethyl 
sulphate, (CHaJgSO*, is accelerated by sound waves of very high 
frequency. 

Supersonic waves can also cause depolymerisation of highly 
polymerised substances (such as starch (C 6 H 10 0 5 ) n , which gives 
dextrin). The fact that depolymerisation has taken place can be 
shown by viscosity determinations. The hydrolytic decomposition 
of sucrose into glucose and fructose is also said to occur in traces 
when a solution of sucrose is placed in a beam of supersonio waves. 
Paraformaldehyde, hexamethylenetetramine, gum arable, and gelatin 
have also been slightly decomposed by this type of wave-motion. 



790 


PHOTOCHEMISTRY 


874. Chemiluminescence. — Occasionally when chemical reactions 
take place, light is emitted. An example of this is the oxidation of 
phosphorus. This is the reverse process to a photochemical reaction. 
The light is given out instead of being absorbed. Trautz has collected 
a list of a number of these changes. 

In certain biological reactions light is emitted. The glow of the 
glow-worm is a case in point. 

Of reactions which can be carried out in the laboratory, the most 
spectacular is the oxidation in alkaline solution of ortho- amino- 
phthalic cyclic hydrazide. This substance is a pale yellow crystalline 
powder, and has the formula 

NH 2 

CO.NH 

/-CO.NH 


When the hydrazide is dissolved in caustic soda and a little hydrogen 
peroxide is added, and the liquid dropped from a dropping funnel 
into an alkaline solution of potassium ferricyanide, as each drop 
enters the ferricyanide a bright greenish glow is produced. If 
sodium hypochlorite is substituted for the potassium ferricyanide, 
the glow is bluish. The chemical changes are complex, but the 
final product is ortAo-aminophtkalio acid, 



Another reaction in which a more feeble glow is emitted is the 
precipitation of strontium sulphate. A solution of strontium chloride 
is made, and dilute sulphuric acid is added to it in a dark room. 

The most highly luminescent reaction that has yet been observed 
is the oxidation of the unsaturated silicon compound, silical hydrox- 
ide, S^OsH,, by means of permanganate. This was investigated 
by Kautsky in 1925, who states that the surface luminosity is 
equivalent to that of a white surface illuminated at a distance of 
1*5 metres by a 32 candle-power lamp. In any case, however, the 
amount of energy liberated in the form of light is very small when 
regard is had to the amount of substance used. 

The light emission from the fire-fly appears to be the most effi* 
dent, as judged by eye, because it has a maxim urn intensity at a 
wavelength of 57ud A., at which the eye is most sensitive. 
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When light is incident upon a body, part of it is reflected* part may be 
transmitted and part absorbed. Only that part of the light which is 
absorbed is effective in bringing about chemical action (Grotthus- 
Draper Law). 

Laws of Absorption of Light. — (a) Lambert’s law : Equal propor- 
tions of the penetrating radiation are absorbed by layers of equal 
thickness of a homogeneous absorbing medium. 

(b) Beer's Law : The degree of absorption of light depends upon the 
thickness of layer traversed and on the molecular concentration in that 
layer. 

Consequences of the Absorption of Light. — I. The primary effect in all 
cases (except where thermal energy alone is affected) is the electronic 
excitation of the atom, i.e., the elevation of electrons from levels of low 
to levels of higher energy. If an electron is completely removed from 
an atom, the atom is ionised, and this effect is known as the photo- 
electric effect. 

II, Secondary effects : (<z) The electron reverts instantaneously to its 
normal state by steps (fluorescence). 

(6) It reverts to its normal state after a considerable time lag 
(phosphorescence). 

(c) It reverts to its normal state after using the energy for chemical 
reaction (photochemical action). 

The energetics of photochemical action are governed by the Einstein 
Law of the Photochemical Equivalent , which states that each molecule 
entering into reaction has to be excited by the absorption of one 
quantum of energy. This is probably true of the primary change 
underlying all photochemical change, viz., the production of the excited 
atom. There are, however, numerous secondary reactions which com- 
pletely mask the above Law. The chief types of photochemical change 
are : — 


Type. 

1. Dissociation. 

XY* X + Y. 

2. Double decomposition. 

XY*+ Z -* XZ + Y. 

3. Isomeric change. 

XY* YX. 

4. (a) Addition. 

XY*+Z XYZ. 

(6) Polymerisation. 

XY*+XY X t Y t . 

(c) Chain reactions. 

6. Photo-sensitisation. 
XY*+Z * XY + Z*. 

Z* can undergo change 
as 1-4. 


Illustrated by 

2HBr » H f -f Br a . 

AgBr s= Ag + Br. 

C e H lt + Br a — C a H u Br + HBr. 
CH a Cl . COOH+H a O =CH a OH. COOH 
+HCL 

Maleic acid — > fumaric acid. 


CO -f 01$ — COClf* 

H$ + Cl$ * 2HC1. 

The photo-synthesis of carbohydrates in 
plants (sensitiser, chlorophyll). 

The sensitisation of photographic plates 
(sensitiser, cyanine dyes). 


4n asterisk denotes that the molecule is excited. 
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QUESTIONS 

(1) What laws concern the absorption and reflection of light T 
Discuss their accuracy. 

(2) Indicate briefly how a study of absorption spectra can furnish 
information concerning the structure of compounds. 

(3) Describe any one photochemical system with which you are 
acquainted. 

(4) Write an essay on the application of the quantum theory to 
photochemical processes. 

(5) Write notes on fluorescence, phosphorescence, and chemi- 
luminescence, giving some account of their explanation. 

(6) How do you account for the fact that in the combination of 
hydrogen and chlorine by exposure to ultra-violet light more than 10* 
molecules are formed per quantum of energy absorbed T 

Does this reaction contravene the law of conservation of energy ? 
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THE STRUCTURE OP MOLECULES 

375 . The Nature of the Problem. — There are two factors about a 
molecule that are required when we set out to find the structure of 
the molecule. They are (1) the actual size of the molecule, t.e., the 
distances apart of its constituent atoms, and (2) the arrangement 
of these atoms in the molecule. A good deal of information is now 
available concerning these questions, at any rate, for the simpler 
molecules. 

When \\v .speak of the distance between two atoms in the mole- 
cule, we are apt to convey the idea that the atom is a solid bail, as 
was postulated by Dalton. It is now known, of course, that atoms 
are assemblages of electrons, protons, and neutrons, or, according 
to the more modern views, an assemblage, of waves (§56). How, 
then, can wo speak of the distance between two atoms when the 
“ size ” of the atom cannot be defined ? It is usual to take the 
length of a link as the distance between the nuclei of the two linked 
atoms. We shall then deal not with the true radius of the atom, 
but with its “ effective ” radius, the fraction of the length of the 
link appropriated by each atom. 

A. SPECTROSCOPIC METHODS 

376 . Molecular Spectra. — Information regarding the lengths of 
linkages may be obtained from a study of spectra. 

The general nature of spectra has already been outlined (§ 45). 
Line spectra are due to energy transitions in atoms, and are com- 
paratively simple. They have been considered already (Chapter III.). 
An atom cannot emit a band spectrum ; this type of spectrum is 
entirely characteristic of molecules. 

A spectrum band consists of a large number of lines which crowd 
together towards the " head 99 of the band. There are usually 
several groups of these bands in a typical band spectrum. The 
analysis of such a spectrum is a matter of some complexity, and at 
present it is only possible to calculate structures with any degree 
of certainty from the spectra of gases or vapours. 

The excitation of the molecular spectrum is a rather more com- 
plicated matter than would appear at first sight. The very pro- 
fit 



734 


THE STRUCTURE OF MOLECULES 


duotion of the spectrum by passing a discharge through the substance 
results in the disintegration of the molecule. Consequently, many 
of the spectra examined have been those of molecules which can 
have no separate and continued existence in the laboratory, such as 
HO, NU and CH, but which have been formed by disintegration of 
some more complex molecule. 

In an atom, the absorption of energy can only result in the 
transition of an electron from an orbit of low energy to one of higher 
energy. The reverse of this process gives rise to a line in the emission 
spectrum. In a molecule, there are two further types of energy 
change : (1) changes in the energy of rotation of the molecule as a 
whole, and (2) changes in the energy of vibration of the constituent 
atomic nuclei relative to one another. All three energy changes are 
quantised. In general, a line in a band spectrum will be conditioned 
by all three types, the frequency of the line being determined by 
the algebraic sum of the three energy changes, but spectra due to 
molecular transitions of rotational energy alone, or of rotational 
and vibrational energy without electronic transition, axe capable of 
existence, and have been observed. 

Considering the rotation spectrum alone, it is to be noted that 
owing to the quantisation of rotation, the rotation cannot be in- 
creased by any arbitrary amount. If the system is rotating, and not 
emitting, the angular momentum must be a multiple of A/2?r, 
where h is Planck’s constant. For a rigid diatomic molecule it can 
be shown mathematically that the frequency, v , of the lines of the 
spectrum due to purely rotational transitions is given by 


4 ttH 

where m is an integer and I is the moment of inertia of the molecule. 
For a diatomic molecule, 

m \ + ra 2 * 

where m l and m 2 are the masses of the atoms and d the distance 
between them. Clearly, if I can be obtained from observations of 
the rotation spectrum, d can be found, since m l and m 2 are known. 

Unfortunately, the pure rotation spectrum lies in the far infra- 
red, and investigations in this spectral range are difficult. The advent 
of infra-red photography, however, seems likely to revolutionise this 
field of investigation. Among the most important of the results 
obtained are the determinations of the distances between the atoms 
in the hydrogen halides (Czerny, 1923-27). It is clear that since 
the moment of inertia, /, involves the masses of the molecules, 
compounds formed between one element, and various isotopes of 
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another should have slightly different spectral "frequencies. Thus 
there are two chlorine isotopes of mass 35 and 37 respectively ; 
these will form with hydrogen of mass 1, H l Cl aft and H l Cl 37 ; and 
with hydrogen of mass 2, H^l 35 and H 2 C1 37 . All these hydrogen 
chlorides should give rotation spectra slightly displaced from each 
other, owing to the different masses of the constituent elements. 
Such isotopic displacements have been observed, not only in the 
rotation spectra, but also in the rotation-vibration spectra, in which 
the factor I again appears. 

The rotation-vibration spectrum is more easily studied, because 
it lies mainly in the near infra-red, t.e., the part of the infra-red 
nearest the visible. If a molecule is regarded as a simple harmonic 
oscillator, its energy is restricted by quantum considerations to 
integral multiples of an energy unit, say hv 0 . A pure vibration 
spectrum is not found, but there are superimposed upon it frequencies 
due to changes of rotation energy. In deriving the frequency of a 
line, the algebraic sum of the energies must be used. If the fre- 
quency of the lines is represented by i/, then 


hv = Energy change due to vibrational changes ± energy change 
due to rotational changes. 

_ AE ^ , mh l 
~~ * 4 

t AE nth. 

0Xv - T ±4 M 


where AE^ is the change of vibrational energy and m is an integer. 

The matter is not, however, quite so simple as this, since, if the 
vibrational or rotational energy changes, the mean distance between 
the atomic centres may change, and so must the moment of inertia, / . 

Rotation-vibration spectra of polyatomic molecules are very 
complex. l>iatomic molecules with unbarmonic binding give bands 
corresponding to vibrational transitions from ti = 0 to n = 1, 2, 3, 
etc., n being the vibrational quantum number. Each band has a 
fine structure due to rotation. From observations of this fine 
structure, values of 1 can be deduced for the non-vibrating molecule 
and also for the vibrating molecule. From /, the nuclear separation 
can, of course, be obtained ; r increases, as would be expected, as 
the vibrational energy increases (i.e., as n increases). 

If a molecule is more complex than diatomic, it will possess more 
than one moment of inertia, and by observing the fine structure of 
the rotation-vibration spectrum the values of these moments can 
bo deduced. A linear molecule can be readily differentiated from 
a triangular one by observing the different moments of inertia 
It is also possible to calculate the angles between the bonds. 
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If electronic changes occur in the molecule, the energy changes 
due to these must be superimposed upon the vibrational and 
rotational energy. This makes the spectrum very complex indeed, 
especially when it is remembered that the moment of inertia of the 
molecule will be seriously affected by changes in electronic structure. 

377. Raman Spectra — If a beam of monoch rom atic ligh t is passed 
through a transparent substance, some of the light is scattered by 
the molecules in the medium. If this scattered light is examined 
by means of a spectrometer, it is found that the spectrum is made 

v up of the lines of the original radiation together with a series of 
lines on either side of them. When the separations of these lines 
from the line of unchanged frequency are measured, it is found 
that they correspond to frequencies lying in the infra-red and 
represent changes in the energy of rotation or vibration. The 
explanation is that some of the light, on being scattered by the 
molecules of the medium, picks up or loses one or more quanta of 
the vibrational or rotational levels. It is thus possible (as it were) 
to bring the infra-red spectrum into the visible. This phenomenon 
was predicted by A. Smekal (1923), and was first observed by 
Sir C. V. Raman (1928). 

A great deal of experimental work has been done on the Raman 
spectra of molecules, which has given valuable information con- 
cerning structure. At present, detailed results can only be claimed 
for the simpler types of molecules. As a result of spectroscopic 
observations it is known that H 2 0, H 2 S, C10 2 and S0 2 are triangular, 
NH 3 is pyramidal, and COCl 2 , S 2 C1 2 , SOCl 2 and CH 2 0 are probably 
Y-shaped. 

B. X-RAY and electron beam methods 

378 . Application of X-ray Methods. -It has already been shown 
how X-ray interference methods enable the structure of crystals to 
be deduced. Debye (1929) found that gases and vapours, and also 
liquids, gave X-ray interference patterns when a technique similar 
to the powder technique (§ 126) is used. A beam of X-rays, limited 
by slits, is passed through a vessel through which the gas is flowing, 
and the interference pattern is obtained on a photographic plate. 
In the case of a liquid, the results are difficult to interpret, as it is 
not known whether the scattering is due to atoms in the same 
molecule or in neighbouring molecules. In a gas, however, the 
separation between the molecules is much greater than the nuclear 
separation of the atoms in the individual molecules, and the method 
can, therefore, be used to find this nuclear separation. It is known 
that the scattering is not due to the nuclei themselves, but to the 
orbital electrons, so the distances measured are not the same a a 
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those obtained by infra-red spectrosoopy. The “ centre M of the 
atom indicated by X-ray interference is the mean centre of the 
electronic orbits and not the nucleus. 

379. Electron-ray Interference Method. — In dealing with the 
structure of crystals, it was mentioned that a beam of electrons 
could be substituted for X-rays in obtaining the interference 
patterns. This method has been applied to gases and vapours by 
Wierl (1930), the results agreeing very well with those obtained by 
the X-ray method, though probably the latter is tho more accurate. 
The Wierl method has numerous advantages over the X-ray method 
as regards technique. Since the number of scattering particles is 
much less in a gas than in a solid, the exposures required in the 
X-ray method are very long. When first used by Debye, the method 
required an exposure of twenty-four hours, though this has now 
been reduced to four to five hours. The electron beam is con- 
siderably more intense than the X-ray beam (electrons of 40 kw. 
energy were used by Wierl), so that the exposure in Wierl's method 
need only be one-fifth of a second. Also, it would be impossible to 
use the X-ray method under reduced pressure, as the number of 
particles would be even smaller than under atmospheric pressure, 
and the exposure correspondingly longer.' The vapours of liquids 
which boil under atmospheric pressure with decomposition could 
not therefore be investigated by the X-ray method, whereas results 
could be obtained by the electron-beam method at reduced pressure. 

C. DIPOLE MOMENTS OF MOLECULES 

380. The Dielectric Constant. — A study of the dielectric constants 
of substances has recently given us a great deal of insight into the 
structure of molecules. It also helps us to understand the process 
of ionisation, and there is no doubt that it is one of the most impor- 
tant constants characterising matter. 

It may be necessary to explain what the dielectric constant is. 

If we have two electric charges, e, separated by a distance r in a 
vacuum, then the force between them will be given by 
. F = e*/r a . 

This force will be one of repulsion if the two charges are of the same 
sign, and one of attraction if they are opposite in sign. 

This law holds only in a vacuum. If we study the force between 
two charges in any other medium, say air or water, then 

F * e*/cr 2 

where < is a constant pertaining to the medium, called the didedrie 
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The dielectric constant for air is nearly 1, and so the law of force 
between point charges is almost the same in air as in a vacuum. 
In many media, however, the dielectric constant is considerable, 
and the force is correspondingly reduced. The values of some 


Table CXVITL— Dielectric Constants 


Substance, 

« 

1 

Plate glass . . . . 

467 

Ebonite ..... 

315 

Sulphur 

384 

Mica ..... 

6-64 

Paraffin wax .... 

2-3 

Petroleum .... 

20 

Water 

81-7 

Ethyl alcohol .... 

25-4 

Air (76 cm. pressure) 

10006 


dielectric constants are given in Table CXVIII. The data for some 
liquids are also to be found in Table LII, p. 55. 

A system composed of two charged parallel plates is called a 
" condenser,” and has a certain capacity in a vacuum, given by the 
equation 
C = Q/V 

where C is the capacity, Q is the charge and V the potential. If 
the medium between the plates has a dielectric constant c, then the 
capacity is given by 

C-cQ/F. 

This provides a useful method of determining the dielectric 
constant of any medium. 

It was discovered by Clerk-Maxwell, in his work on the electro- 
magnetic theory of light, that the dielectric constant of a medium, 
as determined by the above static method, is intimately connected 
with its refractive index for radiation of infinite wavelength. The 
dielectric constant is given in fact by the square of the refractive 
index, under these conditions, and this has been proved experi- 
mentally for many substances. 

381. Methods o! Determining Dielectric Constants —This can be 
but a brief outline. For a more complete account a text- book of 
physios should be consulted. 

The chief methods fall into three classes : — 
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(1) The measurement of the electric force acting through a 
dielectric. 

(2) The determination of the velocity of propagation of electro- 
magnetic waves through a material. This is inversely proportional 
to the square root of the dielectric constant of the substance. The 
method merely involves the measurement of the refractive index of 
the substance (§ 380). 

(3) The measurement of the capacity of a condenser when there 
is nothing between the plates, and when the latter are separated 
by a dielectric^ The most important methods fall into thiB class. 

In modem times dielectric constants are nearly always determined 
by finding the capacity of a condenser by an oscdlatory circuit 
method. It is well known that the frequency of oscillation of a 
circuit depends upon its capacity, its inductance, and its resistance. 
The frequency of oscillation is fairly easily determined, whence it 
follows that if the inductance and resistance are kept constant the 
capacity can be determined by comparison with a standard con- 
denser. 

382 . D ipolq Memento. — Molecules consist of an assemblage of 
protons and electrons (or possibly neutrons, positrons and electrons). 
As a rule, the centre of action of the positive parts will not coincide 
with that of the negative parts of the molecule, and so the molecule 
may be imagined to consist of a system which reduces to two pomt 
charges of equal and opposite sign, separated by a rigid link or rod. 

The two charges must of course be equal, otherwise there would 
be a resultant charge on the molecule. The electrical dipole momc/it 
of such a system as that just described is defined as ed t where e 
is the charge on each end of the rod and d is the length of the rod. 
This quantity is usually referred to merely as the dipole moment of 
the molecuie. 

It is clear at once that a knowledge of the dipole moment will 
tell us a good deal about the constitution of the molecule. Consider 
a compound formed from two atoms. The atoms themselves 
before combination are neutral. They have no dipole moment, 
since every isolated atom must have the centre of action of its 
positive portion, i.e., the nucleus, at the centre of action of the 
surrounding electrons* When combination occurs we may suppose 
that the two atoms become bound by a co-valent link; According 
to Sidgwick, this means the sharing of two electrons between the 
orbits of the two atoms. According to Sugden, singlet linkages are 
possible ; but it does not matter which theory we take for our 
present purpose. If the bonding electrons are shared equally 
between the two atoms the resulting molecule will be non-polar, 
and will possess no dipole moment, for the effective arrangement 
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of the positive and negative portions has not been altered ; but 
suppose that one atom takes a greater share of the two electrons 
than the other, then the molecule becomes polar, because one atom 
will have a preponderance of negative electricity associated with it, 
and the other must, in consequence, have a deficit of negative 
charge. If then a substance possesses a dipole moment, this 
indicates that the sharing of the electrons has not been equal. 

388. Determination of Dipole Moments. — Let us consider what 
happens when a gas or vapour is placed in an electric field. First of 
all, the molecules will, if they possess a dipole moment, tend to set 
themselves in a direction so that their fields act in opposition to the 
electric field. The same behaviour is seen exactly with a set of 
* compass needles placed in a magnetic field. They all tend to turn 
in one direction, so that their north poles point to the south pole of 
the field. This tendency, however, on the part of the molecules 
will be opposed by the thermal agitation of the molecules which 
makes for random orientation, and also by the effect of the neigh- 
bouring molecules on one another. Thus, when the substance is 
placed in an electric field, it is not to be expected that complete 
orientation in one direction will be achieved. The extent of it will 
depend upon the strength of the field, and upon the physical environ- 
ment of the molecules. This effect is called the orientation polarisa- 
tion. Another effect is to be noted. Whether the molecules possess 
a dipole moment or not, the electrons will be displaced slightly 
from their normal orbits and attracted towards the positive pole 
of the field. This is called the electron polarisation. In addition, the 
nuclei themselves will be slightly displaced relative to each other. 
This is called the atomic polarisation , and is usually small. 

We may sum up what we have been saying by noting the existence 
of the three types of polarisation : — 

(1) Orientation polarisation , 

(2) Electron polarisation , P r 

(3) Atomic polarisation, P m . 

The electron and atomio polarisation together make up the polarisa- 
tion due to distortion of the molecule, and we may write for their 
sum, P^ Hence, the total polarisation 

P - P 4 + P. mm P, + P, + P 

ft was shown by Debye that the “ Clausius-Mosotti ” relationship, 
which states that the polarisation 

€-1 M 

rrv 7 , 


p 
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where M is the molecular weight, d the density and c the dielectric 
constant, measured the total molecular polarisation of the substance. 
The dielectric constant of the medium will obviously depend on the 
total effect of the molecules on the field, and this fact finds expres- 
sion in the above equation. 

It may be compared with the Lorentz-Lorenz refraction equation 
(§ 113 ) 

n»-l ,3f 
n ~~ n* + 2 d 

where n is the index of refraction and R is the molecular refractive 
power. It is clear from what we have said ab« >ut the effect of thermal 
agitation on the orientation that the polarisation should vary with 
temperature ; yet no allowance was made fur this in the derivation 
of the above equation. Also, it has been stated that the dipoles 
will have some influence on each other, and this will clearly depend 
on their proximity, and therefore on the molecular concentration ; 
yet again there was no allowance for this in deriving the formula. 

It is obvious from the above that, in order to measure the 
permanent dipole moment of the molecule, we must eliminate the 
electron and atomic polarisations. If the* molecular polarisations 
of a substance in the vapour and solid state are compared, the 
approximate value of the orientation polarisation, can be 
obtained, since in the solid state there is little or no possibility of 
orientation, the molecules being firmly held in the crystal lattice. 
The polarisation in the solid state is due to P a + P„ alone. P 9 can 
be obtained from the total polarisation P measured for the vapour, 
by subtracting P a + P e obtained for the solid. 

When a molecule is exposed to an alternating electromagnetic field 
instead of to a steady one, if the alternations are very rapid the 
molecules will not have time to orient themselves, and so the polari- 
sation will be dependent only upon the distortion effect. Ordinary 
light can be used for the rapidly alternating field, the quantity 
measured being the refractive index instead of the dielectric con- 
stant* The alternations in the visible are too rapid for the heavy 
nuclei to be displaced and so, if the total distortion polarisation is to 
be measured, it is necessary to use infra-red light. This then provide* 
a method for distinguishing between and P t . P a is found by 
determining the total polarisation due to distortion using infra-red 
rays, and then subtracting P g found for visible rays. 

Since the orientation depends on an equilibrium between complete 
orientation and the effect of thermal agitation, it follows that the 
orientation will decrease as the temperature is increased and thermal 
agitation becomes more violent. The exact relation between 
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temperature and the molecular orientation polarisation, 
deduced by Debye in the following form 

P v/ 


was 


— N 
3 Mf’ 


where n is the dipole moment in electrostatic units, N is Avogadro’s 
number, k is Boltzmann's constant (§ 268) and T the absolute 
temperature. The total polarisation will be 

4*Nim* 


P~P t + 


9kT 


A 

If the molecular polarisation is plotted against the reciprocal of 
the temperature we shall get in all cases a straight line if the above 
equation is satisfied ; but, if the substance is non-poiar, then B = 0, 
since p = 0, and the straight line is horizontal. If the substance is 
polar, B has a definite value, and the Line has a slope from which 
B can be calculated. Putting the numerical values of N (6-06 x 10 23 ) 
and k (1*37 x 10” 1 *) in the above equation, we have 

H as 0 0127 VB x 10“ w electrostatic units, 
so that /i can be easily obtained from B. 

The Clausius-Mosotti relationship (p. 740) states that 

p E 

“i + 2* d' 

Hence, combining this with Debye's equation, 

« + 2 ' d + r 

For the majority of vapours € is very nearly equal to 1. Thus, for 
water, at 120° C., c is 1004002 e.s.u. Consequently, (e + 2) is 
approximately equal to 3. Hence (c — 1) should vary linearly with 

since (c + 2), if, and d , as well as A and B, are constant. This, 


of course, is only approximately true, since (« + 2) is not quite 
constant. 

The following Table (CXIX.) contains data for water, methyl and 
ethyl ethers, and methyl chloride, taken from a paper by R. Sanger 
on “ New measurements on the effect of temperature on tlur dielectric 
constants of gases and vapours ” (1929). 1 

These figures are plotted in ,Fig. 209, which shows the graphs 
between HP IT and (c — 1) x 10 s . The linear nature of the curves 

1 This paper is the first in the series of the *' Leipzig Vortr&ger ” on “ Dipole 
Moment and Chemical Structure.' 1 This series has been translated into 
English by W. M. Deans (Blackie), under the above title. 
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Table CXIX. — Variation of Dielectric Constant with 
Temperature 


Water. 

Methyl ether. 

Ethy! ether. 

Methyl chloride. 

T*Abe. 

10 •/ 
It 

(•-1) 

X 

10 1 

T° Abe. 

10*/ 

It 

<• -1) 
X 

10* 

2”Abs. 

10 7r 

(t-1) 

X 

10‘ 

T°Abe. 


u~t> 

X 

10* 

3030 
423 0 
4530 
4830 

2-645 

2-364 

2-207 

2-070 

400-2 
371 7 
348*8 
328-7 

298-0 
338 0 
378-0 
418-0 

3-356 

2-050 

2-646 

2-302 

465-5 
426 7 
308-1 
372 2 

3130 

333 -0 
303-0 
433-0 

3-195 
2-833 
2 545 
2-310 

495-0 

470*0 

450-7 

431-0 

298-0 
338 0 
3780 
418-0 

3-358 
2 059 
2-640 
2 392 

797-6 

718-3 

657-8 

607-2 


is in complete agreement with Debye’s theory. The curves for 
carbon tetrachloride and methane are also given in Fig. 209. Both 
these substances are non-polar, and therefore give a straight line 
parallel to the temperature axis. 

The values obtained for the dipole moments, calculated from the 
slopes of the curves, are : — 


Methyl chloride (1-86 ± 0-03), X 10~ 18 e.s.u. 

Ethyl ether (MO ± 0 02) x 10' 18 e.s.u. 

Water (1*84 7 ±0 02) x 10” 18 e.s.u. 

Methyl ether (1*32 ± 0 02) X 10" 18 e.s.u. 

Carbon tetrachloride 0 

Methane 0 


This is the most accurate method of determining dipole moments, 
but unfortunately the range of temperature required for accurate 
results is large, and it can therefore only be applied to those sub- 
stances which do not undergo decomposition within the temperature 
range used. 

There is another method for measuring dipole moments which 
does not depend upon the dielectric constant at all, but upon direct 
measurement of the behaviour of molecules in an electric field It is 
called the “molecular beam method,” 1 and is based on a method 
first mentioned by Kallmann and Reiche, and later used by Stem and 
Gerlach for the determination of the magnetic moment of atoms. 
The substance is obtained in such a state that the molecules are far 
apart from one another, and move along without collision, by 
heating it in a small oven, and a beam of such molecules is obtained 
by allowing them to pass through a very narrow slit into a high 
vacuum, the beam being further defined by another slit. This 

A For a full account of the use of the molecular beam method, the Btudent 
is recommended to see Es term aim's paper in “ Dipole Moment and Chemical 
Structure,” trans, W, M. Deans (Blackie). 
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beam is passed through an intense non-uniform electric field 
when, if the dimensions of the beam and the intensity and inhome- 
geneity of the field remain fixed, the beam is deviated through an 
angle dependent upon the electric moments of the molecules. The 
molecular beam is allowed to impinge on a receiver cooled in liquid 
air, to which the molecules adhere and leave behind a trace of the 
solid material, which can be viewed through a microscope. All 
molecules, irrespective of whether they bear a dipole moment or 
not, will have one induced in them by the field, but this will only 
cause a deviation parallel to the direction of the field. The presence 
of a polar molecule is indicated by a broadening of the trace, and, 



by a complicated calculation, the two effects can be separated and 
the dipole moment calculated. 

This method has proved useful in the case of substances which 
are not soluble in non-polar solvents (a condition required for the 
determination of the dielectric constants of substances at radio* 
frequencies employed In the first method described), or else do not 
give sufficient vapour to enable the dielectric constants to be 
measured by the second method. The only condition required is 
that the substance should be capable of being obtained as a mole-* 
cular beam. It has been used for the determination of the moments 
of alkali metal halides, and a notable example is its application to 
penterythritol. 

According to a theory put forward by Weissenberg, a carbon 



STRUCTURE OF PENTERYTHRITOL 745 

compound of the type CA 4 should be able to exist in two forms, one 
a regular tetrahedron, with the carbon atom in the centre, and the 
four A groups at the apices, and the other a pyramid with the carbon 
atom at the vertex and the A groups at the base. Obviously, a 
molecule of the first type should possess no d‘pole moment, whilst 
one with the pyramidal structure should possess a permanent 
moment. Penterythritol, C(CH 2 OH) 4 , cannot be examined by the 
dielectric constant method, being insoluble in non-polar solvents, 
and decomposing when vaporised under all but very low' pressures. 
Examination of this substance by the molecular beam method, 
however, shows that its dipole moment is about 2 X 10~ 18 e.s.u. 
(Estermann, 1929). Penterythritol acetate also has a moment, but 
the bromide is non-polar. Estermann states that the observations 
do not necessarily prove the accuracy of the assumption of a 
pyramidal model for molecules of the type CA 4 , but do at least 
show that penterythritol as a whole shows no central symmetry, 
of which tetrahedral symmetry is one type. 

It should bo remembered that in all methods of determining the 
dipolo moments of molecules the substance under investigation 
must either be in the gas or vapour state, or else must be in very 
dilute solution in a non-polar solvent. This stipulation is necessary 
in order to eliminate interaction between the molecules themselves. 
In the usual case in which the substance is investigated in a non* 
polar solvent, it is necessary to extrapolate to infinite dilution. 

384. Results of Dipole Moment Determinations.— It is well to 
point out exactly what is determined in these experiments. The 
value obtained is the resultant moment for the whole molecule, 
and where this is complex, all the links will have contributed to it. 
The results merely indicate the product ed, where c is the resultant 
charge at the end of the dipole which has the equivalent length d. 

Consider a diatomic molecule, A — B. If an electron were 
transferred completely from A to B, the dipole moment would be 
4*77 X 10~ 10 . d, where d is the distance between the nuclei and 
4-77 X 10“ 10 is the charge associated with the electron. The 
distance between the nuclei will be approximately the molecular 
diameter, which is about 10~ 8 cms. Hence, the dipole moment of 
a molecule existing in the ionic state should be in the neighbourhood 
of 4-77 X 10- 18 e.s.u. 

The dipole moments of most polar substances are less than this, 
but in a few cases, higher values have been found. Thus, the dipole 
moments of potassium iodide, potassium chloride and sodium 
iodide, determined by the molecular beam method are 6-8 X 10“ lg , 
6*3 X 10~ 18 and 4*9 X I0~ 18 e.s.u., respectively (Scheffers, 1934). 
These high values are probably due to deformation of the orbits of 
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the valency electrons. It is clear that the dipole moment gives 
some idea of the degree of sharing of electrons between the atoms 
linked. For equal sharing, the moment would be zero. 

Tablb CXX. — Dipole Moments 

Throughout this chapter the factor 10“ w will he omitted. Thus, 
when the dipole moment of water is given as 1*85, this stands for 
1*85 x 10~ u e.s.u. 


Substance. 

• Formula 

Moment. 

Methane ...... 

CH 4 

0 

Ethane ...... 

C,H, 

0 

n- Pentane ..... 

Pentane ..... 

} C.H., 

0 

Ethylene 

CH.-CH, 

0 

Acetylene. ..... 

CH=CH 

0 

Methyl alcohol ..... 

CH 8 OH 

1-78 

Ethyl alcohol ..... 

c,h 5 oh 

1-86 

Mothyl iodide ..... 

CH.I 

1-90 

Nitromethane .... 

CHjNO, 

3-8 

Acetonitrile ..... 

CH,CN 

3-51 

Acetone ...... 

CH 3 . CO . CH S 

2-72 

Benzene ...... 

c 6 h 6 

0 

Chlorobenzene ..... 

c 6 h*ci 

1*53 

Nitrobenzene . 

c«h 6 no 2 

3-8 

Diphenyl . 

c 6 h 6 -c 6 u 6 

0 

Argon, hydrogen, nitrogen . 

A, H t . Nj 

0 

Hydrogen chloride .... 

HC1 

1-03 

Hydrogen bromide .... 

HBr 

0-78 

Hydrogen iodide 

HI 

0-38 

Water ...... 

H a O 

1-85 

Ammonia ..... 

NHg 

1*6 

Sulphur dioxide .... 

|°j 

1*7 

Hydrogen sulphide .... 

0*93 

Silver perchlorate 

AgCIO, 

4*7 


it has been pointed out by J. J. Thomson that as moments are 
vector quantities they can be added vectori&lly, e.g., as in the 
determination of the resultant of two or more foroes by the applica- 
tion of the parallelogram of forces. This method has proved very 
useful in deciding the moments of various linkages. 

Monatomic substances must of course be non-polar. The rare 
gases possess no moment. 

, Diatomic molecules (with the exception of elements) are all polar 
so far as they have been determined. With triatomic molecules we 
have the possibility of either symmetrical or asymmetrical arrange- 
ment, and so the moment may be either zero or finite. Thus, if the 
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molecule is of the type AB,, and A lies between two B atoms in a 
straight line, then the substance will be non -polar if the two links 
are the same. 

I C * 

B-A-B v\, 

i. . a 

Fig. 210. — Model* of Triatomic Molecules. 


If, however, one link makes an angle with the other, as in II, above, 
the molecule will possess a moment given by M = 2m cos £0, w T here 
m is the moment of a single link and 6 the angle between them. 
•Water is polar, and must therefore be constructed in this way. 
Where there are double links, as in 0=C=0, the tetrahedral 
arrangement of the carbon bonds would mean that this must be a 
linear molecule, and possess no moment. For this reason C0 2 and 
CS 2 are not polar. 

Tetratomic molecules of the type AB 3 are non-polar if all four 
atoms lie in one plane, and the angles between the bonds are all 
equal, as they must be in the case of AB 8 . 


/\ 

B B 


Where the model is pyramidal, one atom will lie out of the plane 
of the rest and the molecule will be polar. 



Fig. 211. — Pyramidal Model of AB a Molecule. 

Hence, the polarity found for ammonia, phosphine, arsine and the 
trihalides oi phosphorus, arsenic and antimony. 



Fro. 212.— Model of AB 4 Molecule. 
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Pentatomic molecules of the form AB 4 should be nan-polar on 
the tetrahedral model or on the plane model. The pyramidal 
structure would give a finite value of p. It is found that methane, 
carbon tetrachloride, silicon tetrachloride, titanium tetrachloride, 
etc., are all non-polar. Penterythritol, however, has a definite 
moment (p. 745). 

These simple examples of the application of the dipole moment 
to the elucidation of molecular structure show the value of the 
method. In the cases we have quoted there is only one type of 
link, and, of course, the matter becomes much more complicated 
when we deal with complex organic molecules in which several 
types of link occur. By making the assumption that the presence 
of one link does not influence the rest of the molecule, 1 it is possible, 
by comparing the moments of molecules in which groups are 
replaced by others, to find the moments associated with individual* 
links This has been done in very many cases, and a Table of the 
raults taken by permission from Sidg wick’s “ Covalent Link in 
Chemistry ” is given below : — 


Table CXXI. — Dipole Moments or Linkages 


H-C 

0-2 

1 

H-N 

1-5 

H— O 

1*0 

R-F 

(2) 



H-P 

0-55 

H-S 

0-8 

R— Cl 

1*03 



H— As 

01 5 



! H-Br 0*78 





! 


II -I 

0-38 



C-N 

0-4 

c-o 

0*9 







c=o 

2*5 





CsN 

3*3 | 

c==o 

5*3 







c-s 

1*2 

C-Cl 

1*7 





c=s 

30 

i 






C-Se 

M 

C-Br 

1*6 

P-Cl 

0*8 

P-Br 

0*0 

C— Te 

0*9 

C-I 

1*4 

As — Cl 

2-0 

As — Br 

1-7 





Sb— Cl 

3-9 

N — G 

19 i 

1 






Knowing the moments of individual links, it is possible to work 
out the distribution of residual charges in the molecule owing to 
the unequal sharing of the electrons in the linkages. In the case 
of hydrogen chloride with the single H — Cl linkage, the moment of 
this body is 1*03, whilst the distance between the atoms, determined 
by other means, is 1*27 A. The moment is the product of one of the 

1 It is very probable that deformation of the orbits of the valency electrons 
often occurs in substances containing an electrovalent linkage, e.g., in 
potassium iodide (p. 745). The remarks concerning the dipole moments 
of linkages, etc., must be understood to refer to oovalent compounds. 
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residual charges and the distance, and if the residual charge is 
•apposed to reside ou the nucleus, then each charge must be 
103/1-27 « 0-81 X 10- 10 e.s.u. This can be better expressed as a 
fraction of the charge on the electron, 4-77 X 10~ l# «ls.u! In this 
case it is 0-81/4-77 = 0 170. There will be a charge of -j- 0-170 on 
the H atom and — 0-170 on the Cl atom. In this way the residual 
charges due to various Linkages have been calculated, and some of 
them are given in the Table. The positive atom is written first. 

Table CXXIL— - Residual Charges 


(Taken, by permission, from “ The Covalent Link in Chemistry,^ 
by Professor N. V. Sidgwick.) 


Link. 

— , — 

Moment. 
bli x d. 

e.s.u. 

Distance. 

d. 

A 

Air. 

e.s.u. 

~ - F. 

H— C 

0-2 

1-14 

018 

004 

H — N 

1-5 

1-08 

1*4 

0-29 

H — O 

10 

107 

1-5 

0*31 

II— S 

0-8 

1-43 

00 

013 

C— N 

0*4 

1-48 

0-3 

000 

C:-N 

3-3 

115 

2-9 

001 

C— O 

OS) 

1-47 

0-6 

013 

C-0 

2*5 

1-27 

20 

0*42 

C— S 

1-2 

1-83 

0-7 

0-15 

C=*S i 

3-0 

1-59 

1-9 

0-40 

C — Cl 

1*7 

1-74 

1-0 

0*21 

C— Br 

1-0 

1-90 

0-8 

0-17 

C— I 

1-4 

212 

0-7 

0-15 


In the last column, the ratio of the residual charge AE on the nucleur 
to the charge on the electron, e, is calculated. 


These figures enable us to determine roughly the places in the 
molecule where there is an excess or deficit of charge. In the 
determination of the residual charges present in molecules which 
are more complex, the amount for each link must be added. Con- 
sider the case of methyl chloride. Each C — II linkage has a charge 
of + 0-04 on the hydrogen. This would give for the carbon attached 
to the three hydrogen atoms a charge of — 0-12. There is another 
linkage, however, the C — Cl link. This has a charge on the Cl of 
— 0-21, and a corresponding charge of + 0-21 on the carbon. 
Hence the total charge on the carbon is — 0*12 + 0-21 =* + 0*09, 
Where there is a co-ordinate link in the molecule the value 14 
must be added or subtracted from the appropriate atom. The 
co-ordinate link adds 1 to the donor and removes 1 from the acceptor. 
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The diagrams below (Fig. 213) have been drawn up in this way 
(mainly from Sidgwick, “ The Covalent Link in Chemistry ”). 

It is obvious that the study of dipole moments can be of great 
use in deciding questions of stereoisomerism in organic chemistry. 
Thus, in dealing with cis- /rani -isomerism of ethylene derivatives, 


H— C— X 

II 

H—C— X 


cis 


r.t fumnric and maleic acids, 

H— C— COOH 
|| and 

HOOC--C — H 

hi marie acid 


h— c— x 

II 

x— G-- H 

trans 


H — 0 — COOH 

II 

H— C-COOH 

maleic acid 


it is dear that the cis- form will be polar, whilst the tram- form 
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Fig. 213. — Residual Charges on the Atoms of Var.ous Compounds. 


will be non-polar. This has been confirmed by experiment in the 
ease of the dihalogen derivatives of ethylene. 

Cl— C-CJ H—C— Cl H—C — Cl 

ll II II 

H— C-H H—C— Cl Cl— C— H 

Asymmetrical dlchlorethvtcnr cis trans 

v - "" 

symmetrical dichlorefchylene 

There are three dichloro derivatives of ethylene, the formulae 
being shown above. Of these, the first is easily recognised on account 
of its chemical properties, but the cis- and trans - forms are not 
thus recognisable. One of these compounds has been shown to 
possess a dipole moment of 1*9 e.s.u., and the other zero. The 
cis - form can thus be differentiated from the trans - form. This 
work has been carried out by Errera, who found the following 
values for the moments of other dihalogen derivatives of ethylene. 
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Substance. Moment. 


cw-dibromo-ethylene 

. 1-4 

trana- dibromo-ethylene 

. 0 

cw-diiodo-ethyiene . 

. 0*8 

frarw-diiodo-ethylene 

. 0 

cis-chlorobromo-ethylene . 

. 1-6 

froTW-chlorobromo-ethylene 

. 0 


Much light is thrown on the question of benzene substitution by 
the study of dipole moments. Benzene itself has no dipole moment, 
and it is concluded from this and other evidence (supplied by the 
X-ray structure of bexamethyl-benzene) that the carbon and 
hydrogen atoms all lie symmetrically in a plane. 

In the theories of benzene substitution and the positions taken 
up in the ring by various substituents, put forward by organic 
chemists, a displacement of electrons in the molecule is assumed. 
If thiB does happen, it must be shown in the dipole moments. The 
moment of a group C — X has been shown in general to be different 
according as the carbon is part of an alkyl group or an aryl group. 
Sutton has been able to show that there is a relationship between 
the difference of the moment of (Ar — X)'and (Aik — X), and the 
directing power of the substituent X. If the moments of which the 
positive end is remote from the alkyl or aryl group are called positive, 
and the reverse of this negative, then when the moment of (Ar — X) 


Table CXXIII.— Moments or Aromatic and Aliphatic 
Derivatives 

(Data taken, by permission, from ” The Covalent Link in Chemistry,” 
by Professor N. V. Sidgwick.) 


X. 

Moment of 
the linkage 
(Ar — X). 

Moment of 
the linkage 
(Aik — X). 

Difference 

m(Ar-X) 

- ni(Aik-X). 

Orlcntatlor 

CR S 

+ 0-45 

± 0*0 

-f 0*45 

o & p 

NH, 

+ 155 

4 1-23 

-f 0 32 

o & p 

Cl 

- 1*56 

- 2-15 

-h 0*59 

o Sc p 

Br 

- 1*52 

- 2-21 

4- 0*69 

o <fc p 

1 

- 1-27 

- 213 

+ 0*88 

o & p 

CR t Cl 

- 1*82 

- 2*03 

+ 0*21 

o & p 

CHCl a 

- 2*03 

- 2*06 

-f 0*03 

o, p or in 

ca 8 

- 2*07 

- 1-57 

- 0*50 

m 

COCH, 

- 2*97 

- 2*79 

- 0*18 

m 

CO 

- 3*04 

- 2*76 

— 0*28 

m 

CssfN 

~ 3*89 

- 3*46 

-0*43 

m 

NO* 

- 3*93 

! — 3*05 

-0*88 

m 
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minus that of (Alt — X) is positive X directs further substitution 
into the ortho- and para-positions. If the difference is negative it 
directs further substitution into the meta- position. This behaviour 
has been explained and is stated to show that there is an electron 
drift in benzene when mono-substitution takes place! which decides 
where future substituents will go. 

It has also been shown that the results obtained in this way give 
an explanation of the rule put forward by Hammick and Illingworth 
for the positions of substituents in the benzene nucleus. This rule, 
to which there are no exceptions, states that : If, in a substitution 
product of benzene, C 6 H B — X — Y, Y is in a later group of the 
periodic table than X, or if, being in the same group, Y is of a lower 
atomic weight than X, the direction of subsequent substitution is 
meta. If Y is in an earlier group, or if there is no Y, then the 
direction is ortho- para. This is very easily explained on the dipole 
theory, since the position of an element in the periodic table decides 
the sign of the dipole formed by it with another element. 

The theory has also been applied to the naphthalene and diphenyl 
derivatives with considerable success. 


SUMMARY 

Information concerning the structure of molecules can bo obtained 
from (a) spectroscopic data, (b) X-ray methods, (c) investigation of the 
dipole moment of a molecule. 

Atoms give line spectra, corresponding to electron transitions from 
levels of high to levels of lower energy. Molecules give band spectra. 
These are due to variations in the rotational and vibrational energy 
of the molecule as a whole, this energy being quantised in a similar way 
to that of the electrons in Iheii orbits. The spectrum due to 
rotation alone is in the far infra-red. That due to rotation super- 
imposed upon vibration is in the near infra-red. Investigation of these 
spectra enables the moment of inertia (or moments of inertia) of the 
molecule to be obtained. From the moment of inertia the nuclear 
separation of the atoms in the molecule can be calculated. It is also 
possible to work out the angles between the linkages in a molecule. 

When the centre of gravity of the negatively charged parts of the 
molecule does not coincide with that of the positively charged parts, 
the molecule is polar. Its electrical field will correspond to that of 
two equal and opposite charges separated by a fixed distance. The 
product of the charge and the distance is the dipole moment of the 
molecule. The value of tins enables some molecular structures to be 
inferred. 

It is possible to determine the moment associated with various 
linkages, and hence to find the distribution of polarity in the molecule. 
Such results have led to conclusions concerning stereochemistry, 
benzene substitution, and other problems of organic chemistry. 
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QUESTIONS 

(1) Show m what ways a knowledge of tho dielectric constant of a 
substance may throw light on its constitution. 

(2) Water has a dipole moment of 1-98. What does this statement 
mean, and what does it imply r 

(3) Describe the various types of spectra emitted by atoms and 
molecules. Explain the differences between them. 

(4) Show how the structure ol a simple molecule can be investigated 
by a study of spectra. 



ATOMIC WEIGHTS 



27 Cobalt . 

28 Nickel . 

29 Copper . 

30 Zinc 

31 Gallium . 

32 Germanium 

33 Arsenic . 

34 Selenium 

• 35 Bromine. 

36 Krypton. 

37 Rubidium 

38 Strontium 

39 Yttrium 

40 Zirconium 

41 Niobium 
(Columbium) 

42 Molybdenum 

43 Masurium 

44 Ruthenium 
40 Rhodium 
46 Palladium 








ANSWERS TO NUMERICAL EXAMPLES 


Chapter I.— Pp. 50-51. 

9. (a) It is a metal ; hence Dulong and Petit’s Law holds. 

(6) Rough value for atomic weight is 53*79. 

(c) Equivalent is 18*61 ; hence valency is 3, and correct atomic 
weight is 55*83. 

(d) Equivalent is 27*92 ; hence valency is 2, and correct atomic 
weight is 55*84. 

10. 126 918; 126*920; 126*917. 

11. 138*923; 138*909; 138*931. 

12. 176*1. 

13. 123*7. 

14. Ag a £yi 2Ag = 1*158617; M 48620 ; 1*148617; 1*148622. 

At. weight = 32*066 ; 32*066 ; 32*066 ; 32*067. 

15. Common, 207*222 ; 207*209. 

Kolm, 205*990 ; 205*999. 

Uraninite, 206*194 ; 206*196. 


Chapter V.— Pp. 215-216. 

6. 27*880; 11*88. 

7. (a) Ethylene, 28*051 ; (6) carbon dioxide, 44*014 ; (c) nitrous oxide 

44*016; (d) sulphur dioxide, 64*004; (e) dimethyl ether 
64*003. 

Atomic weights : Carbon (from a), 12*010 ; (from 5), 12*014 ; 
(from e), 11*98; Nitrogen (from c), 14*008; Sulphur (from d) 
32*00. 


Chapter VI.— P. 278. 

8. 630. 

9. Ethylene, 101*2; Acetone, 160*2; Nitrosyl chloride, 110*0. 

10. SF„ 143*1 ; SeF s , 159*8; TeF e , 173*4. 

11. The constant obtained by Dunstan’s equation is 116*3. Hence the 

liquid is probably associated. 

12. The value of the constant from Dunstan’s equation is about 200, 

which would indicate that the liquid is probably associated. It 
should be noted, however, that nitrobenzene often behaves in an 
anomalous manner dielectric constant, p. 257), and hence 
it is unwise to place too much reliance on this figure. 


Chapter VHL— Pp. 879-381. 

4. 186*1. 

5. 97*59 per cent, of the sulphur dioxide is converted into the trioxide. 



766 ANSWERS TO NUMERICAL EXAMPLES 

6. From observations at 1811° Abs., and 1877° Abs., 13,490 gm.-cals. 
are absorbed per pm. -mol. of NO. Using the data given for 
temperatures of 2580° Abs. and 2675° Abs. the value is 13,000 
gm.-cals. per gm.-mol. 

3*29 per cent, of the oxygen employed is converted into nitric oxide, 

13. The reaction is unimolecutar. 

14. The reaction is unimolecular (k = 0*01148). 

16. 24,700 gm.-cals. 

17. 58,500 gm.-cals. 

18. The reaction is bimolecular (h x 10 8 =» 2*85, 2*88, 2*91, 2*92). 

19. The reaction is bimolecular ; using the equation 

k - , — J-r- log . ~ X l k X 10* =4-28, 4-32, 4-33, 4-39, 4-40. 

(a — o)t o(o — x) 


Chapter X. — Pp. 464-465. 

9. 97*3° C. 

Chapter XI.— Pp. 502-504. 

1. 10*75. 

6. 290. 

9. 132. 

10. Nitrobonzene, 122 ; Benzoic acid, 107 ; Acetamide, 58 ; Atropine, 

275 ; Vanillin, 130. 

11. 251*9. 

J2. 29*56° C. ; 161*1. 

13. 210*9. 

14. 101*4. 

15. Caffeine, 207 ; Morphine, 289. 

16. 024. 

17. 170*5; 179*5; 189*1. 

Chapter XII. — Pp. 537-538. 

9. 2*241 atmos. at 0° C. (using R * 0*0821 litre-atmos. per degree). 

10. 0*91. 

11. Ag + , 0*431 ; NO;, 0*509. 

12. 0*005825 mhos. 

16. Ag+, 0*478 ; NO„ 0*522. 

16. 110*24; 117*0; 135*7. 


Chapter Xm.— Pp. 583-584. 

7. (a) 4*05; (5)5*16; (c) 6*20. 

8. K k - 3*177 x 10-*; 6*074 x 10“® ; 3*74 x 10-«. The degree 

of hydrolysis, h f corresponding to the above hydrolysis constants is 

5*64 x 10- 8 ; 8*17 x 10- 8 ; 1*93 X 10- 8 . * 

The values of h given, have been calculated by neglecting h in 
comparison with unity. 

9. Using the data for 18° C. and 100° C., the heat of ionisation of 

acetic acid is 638 a 7 gm.-cals. ; and for ammonium hydroxide, 
13,130 gm.-cals. 
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10. Distribution coefficient : — 121, 119, 115, 121. Mean, 110. 

K h x 10» 2*83, 2*53, 2*76, 2*70. Mean, 2*71. 

K> X 10“:— 0 371. 

Chapter XV.— Pp. 621-622. 

1. 102,380 gm.-cals. 

4. 323,300 gm.-cals. 

8. 18,300 gm.-cals. 

9. Constant pressure : — Ethane, 23,550 gm.-cals. Ethylene. — 7,830 

gm.-cals. Acetylene, — 52,860 gm.-cals. 

Constant volume : — Ethane, 22,390 gm.-cals. Ethylene, — 8,410 
gm.-cals. Acetylene, — 52,860 gm.-cals. 
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The names of persons are given in it n lies, except where the name is an 
integral part of tlio reference. 1 ho numbers refer to pages. 


Abbi Nolfot, osmosis, 4G7 
Abegg , normal and contra -valencies, 
157 

Abnormal liquids, 428 
molecular weights, 499 
Absolute velocity of ions, 520, 527, 52S 
zero, 231 

Absorptionmeter, 409 
Absorption and adsorption, 690, 091 
bands, 207 ff., 713 
coefficient, 408, 712 
molecular, 712 
Law, Lambert’s, 712 
of light, 207 ff., 71 1 
consequences of, 710 
spectrum, 207 ff., 533, 713 
and constitution, 208 
Accelerated anode ray, 91 
Acceptor, 165 

Acetic acid, ionisation of, 541 
Acetone, bromination of. 300 
condensation of, 700 
iodination of, 690, 708 
thermal decomposition of, 350 
Acid catalysis, 690 
definition of, 585 
Acidity, reserve, 608 
Acids, 585 ff. 
action of water on, 597 
affinity for water, 595 
basicity of, 580 ff. 
strength of, 588 ff. 

Actinium, 63 
series, 77, 81 

Action of water on acids, 697 
Activated charcoal, 701 
Activation, 276, 716 
by collision, 373 ff. 
energy of, 371 ff. 
heat of, 704 
Active mass, 341 
nitrogen, 326 

Activities, theory of, 353, 545 
Activity, 544 
coefficient,/., 545 
optical, 259 ff. 

and constitution, 262 
Adams, adsorption, 763 


Additive volumes, Law uf, 406 
Adiabatic change, 195 
demagnetisation, 227 
expansion, 227 

Adsorption, 687 ff., 703, 701, 707 
and absorption, 690, 091 
indicators, 693 
isotherm, 424, (591 
mechanism of, 424 
of argon, (592 
of colouring matters, 690 
of gases by solids, 12). ^23, 689 
of impurities in crystals, 283 
Affinity, chemical, 623 IT., 647 
and catalysis, 698 
constant, 639 
Table's of, 34 1 
Air, liquefaction of, 226 ff. 

Alcohol, solidified, 662 
A Icosol, 002 

Alexvjcw, mutual solubility, 431 
A l J ildaki % 6 

Alkali metal ions, transport numbers 
of, 528 

Alkalinity, reserve, 50K 
Alien and Moore , atomic weight of 
krypton, 95 

Allotropcs of liquids, 333 
Allotropy, 309 fb, 654 
dynamic, 312 ff. 

SiniU’ theory of, 330, 332 
types of, 3 1 2 

Alloys, conductivity of, 534 
electrolytic deposition, 656 
Phase Rule examination, 391 f. 
Alpha particle, constituent of nucleus, 
139 

rays, 63, 64 

bombardment of matter by, 74 
scattering of, 75 
tracks of, 66 

Amagat , experiments on Boyle’s Law, 
205, 206 

Amberger f protection of colloids, 687 
Amicrons. 676 
Amino -ac ids, 601 
Ammonia, density of, 45 
limiting density of, 211 
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INDEX 


Ammonia liquid, 599 
oxidation of, 700 
synthesis of, 347, 700 
A mm onium hydrosulphide, dissocia- 
tion of, 353 

nitrate, solubility of, 445 
Ammono -acids, 599 
Ammono -bases, 599 
Ammonolysis, 000 
Amorphous substances, 285 
Amp&re, and Avogadro’s hypothesis, 
16 

Ampholytes, 000 ff. 

Amphoteric electrolytes, 600 ff, 
Amygdalin, 697 

Amyl alcohol, adsorption of, 689 
Analysis, and colloids, 687 
Ancient atomic theory, 13 
Anderson, positive electron, 107 
Andrews, experiments with carbon 
dioxide, 217, 218 
Angstrom unit, 61 

Anilino hydrochloride, hydrolysis of, 
651 

Anisotropy, 279 
Anode, 505 
Anorthic system, 289 
Anthracene, photochemical polymeri- 
sation of, 725 

Antimony, allotropy of, 327 
trisulphido, colloidal, 668 
yollow, 327 

Apparent degree of dissociat ion, 517 
Aquasol, 662 

Arc method for preparing colloids, 
669, 670 

Argon, adsorption of, 692 
Armstrong, osmosis, 473 
Arrhenius , 509, 549 
energy of activation, 370, 371 
neutral salt effect, 708 
strengths of acids, 592, 595 
theory of electrolytic dissociation, 
507 

Arsenic sulphide, colloidal, G68 
Associated liquids, properties of, 
272 ff. 

Association, 499, 500 
of liquids, 248, 258, 270 ff. 

Aslbury, molecular weights of pro- 
teins, 674 

Aston , density of neon, 21 
mass-spectrograph, 90 
packing fractions, 93 
separation of isotopes, 96 
Asymmetric carbon atom, 262 
Atkinson, vapour pressure of carbonyl 
chloride, 233 
■ Atomic energy, 108 
heat, 24, 306 ff. 
number, 82 


Atomic number, determination of, 84 
polarisation, 740 
structures, 136 ff. 
theory, ancient, 13 
Dalton’s, 14 
transmutation, 101 ff. 
volume and ionisation, 170 
weights, determination of, 17 ff. 
determination of, by Stas’ 
method, 47 

physical determination of, 96 
table of, 754 

variation of, with source of 
element, 101 

Atomisation, heat of, 617 
Autocatalysis, 707 
Avogadro’s hypothesis, 16 

application of, to atomic weight 
determination, 18 
deviations from 208 ff. 
kinetic derivation of, 1 86 
number, 53, 73, 201, 205, 679, 681 
Axis of symmetry, 287 
Azimuthal quantum number, 129, 
130 ff. 

Azoisopropane, decomposition of, 357 
Azomethane, decomposition of, 356 


Babo, von, lowering of vapour pres- 
sure, 476 

Back reaction, effect on order of re- 
action, 363, 366 

Bainbridge, hydrogen isotope, 101 
Baker, intensive < trying, 330 ff., 700 
Balmer’s scries, 1 1 7 
Bancroft , solubility of hydrogen sul- 
phide in aniline, 416 
Band spectrum, 114, 733 
excitation of, 733 
Band3, absorption, 269, 713 
Barium sulphate, precipitation of, 
661 

Bases, 585 ff. 

degree of dissociation of, 593 
Basicity of acids, 586 ff. 

Bassett, complex thiosulphates, 402 
Batuecas and Moles , density of 
ammonia, 211 
nitrous oxide, 211 

Beckmann, depression of freezing 
point, 496 

elevation of boiling point, 488 
Beckmann thermometer, 489 
Becquerel, radioactivity, 62 
Beer’s Law, 712 

Behn and Geiger, velocity of sound, 
200 

Bdden, solubility of hydrogen sul- 
phide in aniline, 416 
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Benson , Mias, adsorption, 6S9 
Benzene, formula of, 207 
resonance in, 175 
substitution, 751 
unsaturation of, 162 
Benzil, structure of, 252 
Benzophenone, monotropy of, 313 
Benzoyl radical, 141 . 

Bergmann , affinity, 341 
Hergmann series', 120 
Berkeley, osmotic pressure, 469 
Berthelot, bomb calorimeter, 009, 610 
equilibrium, 341 

Bertheht , /)., equation for gases, 199, 
208, 212 
Berlhollet , 633 

Law of constant proportions, 3 
reversible reactions, 341 
Boryllium, atomic weight of, 28 
Berzelius, 146, 153, 659 
atomic weight of vanadium. 25 
catalysis, 697 
dualistic theory, 146, 147 
law of multiple proportions, 5 
Beta rays, 63, 66 

bombardment of matter by, 74 
Bigelow, semi -permeability, 473 
BiUz, vanadic acid sols, 668 
zero volumes, 254 
Bimolocular reactions, 360 tf. 
Birclcenl)ach , separation of isotopes, 
97 

Birgt and Menzel , hydrogen isotope, 
9*8 

Bismuth, valency of, 167, 168 
Bjerrum, theory of complete dissocia- 
tion. 545 

Black phosphorus, 325 
Black- body radiation, 1 1 1 
Blackett, positive electron, 107, 108 
Bfagden, depression of freezing point, 
495 

Blanksma , transformation of chlor- 
acetnnilidc, 359 
Blomstrand, 153 

Bodenstein, hydrogen iodide equili- 
brium, 344, 362, 363, 637 
Boerhaave, liquefaction of air, 226 
Bohr , 76 

quantum theory* 115 ff. 

Borling point, 232 

correction of, to normal pressure, 
238 

effect of pressure on, 235, 238 
elevation of, 486 ff., 631 
limitations of method, 494 
methods of determining. 

Beckmann, 488 
Cottrell, 490 
Lands berger, 489 
Swientoelawski, 490 
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Boiling point, relationship to critioal 

temperature, 225 

Boiling points of relatod substances, 
237 

Boltzmann , equipartition of energy, 
191 

Bomb calorimeter, 609, 610 
Bonltoejfer , ortho- and para-hvdrogen, 
144 

Borriylamine, 497 
Boron hydrides, 170 

variation of atomic weight with 
source, 101 
Bousfitld , 543 

Boyle, definition of element, 13 
Boyle’s Law, 183 ff. 

deviations from, 205, 209 
modifications of, 206 IT. 

Brackett series, 118 
Bragg, Sir W . H. t X-ray diffraction, 
291 if. 

Bragg , W. L„ X-ray diffraction, 
291 ff. 

Brvdig, aiFlnity, 647 

arc mot hod for preparing colloids, 
669 

hydration of ions, 528 
inorganic ferments, 707 
vapour pressure, 485 
Bridgman , black phosphorus, 325 
Briscoe , equivalent of thallium, 11 
Bronsted, strength of acids, 597 
Bronsttd and lievesy, separation of 
isotopes, 97 

Brown , Brownian movement, 677 
Brownian movement, 203, 677 
Buffer solutions, 568 ff. 

Bunsen , absorption oflight, 712 
composition of water, 41 
solubility of gases, 4 10 
specific heats of gases, 194 
Buoyancy method of determining gas 
densities, 21 

Burk, decomposition of nitrous oxide, 
363 

Burt and Edgar, composition of 
water, 41, 213 

Burt and Gray, composition of 
hydrogen chloride, 213 


Cadmium -zinc alloys, 391 f. 

Oailletet , liquefaction of gases, 227, 
228 

CaiUeirt and Mathias, critical volume, 
219, 220 
Caicite, 260 

Calcium carbonate, dissociation of, 
352, 625 

variation of atomic weight, 101 
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Callender, gp eeiflc heatf, 193 
Calomel electrode, 553 
Calorimeter, bomb, 609, 610 
Campbell , apparatus for determina- 
tion of solubility, 441, 442 
Camphor, as solvent, 496 
Canal rays, 60 

Cane sugar, inversion of, 357, 358, 
376, 377, 591 

Cannizzaro , and Avogadro’s hypo- 
thesis, 16 

Capillary tube, rise of a liquid in, 244 
Carbon, allotropy of, 325, 326 
atomic weight of, 46 
dioxide, density of, 45 
isotherms of, 218 
theoretical, 222 
disulphide, structure of, 275 
monoxide, density and molecular 
'weight, 22 

reaction with chlorine, 728 
Carbonelle , Brownian movement, 677 
Carbonyl chloride, vapour pressure 
of, 233 

Carey Lea , silver sols, 687 
Cario and Franck , fluorescence, 720 
Camotite, 63 
Carnot’s cycle, 626 ff. 

Catalysis and affinity, 698 
criteria of, 699 
enzyme, 701 
heterogeneous, 700 
history of, 696 ff. 
homogeneous, 697, 708 
intermediate compound theory 
of, 698, 702 
mechanism of, 566 
method for determining degree 
of hydrolysis, 566 
Catalyst, negative, 706 
Catalysts, poisoning of, 697, 705, 706 
Cataphoresis, 681 
Cathode, 505 

particle, ratio of elm, 57, 58, 59 
rays, 56 ff. 

( ' avendish , 6 

composition of water, 40 
t 'awood and J* alter son, compressi- 
bility coefficients, 210 
(VII, concentration, 042 
without transport, 653 
conductivity, 512 
constant, 512, 514 
photo-electric, 718 

Cellulose, A r -ray investigation of, 303 
Centre of symmetry, 287 
Chadwick, neutrons, 105 
Chain reactions, 727 If. 

Charcoal, activated, 701 
Charge on the electron, determination 
of, 67 


Charges, residual, 749 
Charles’ Law, 185 
Chatelier , Le . See Le Ch atelier. 
Chelate compounds, 180c 
Chemical affinity, 647 
equilibrium, 339 ff. 
kinetics, 339 ff. 
reactions and work, 628 
Chemiluminescence, 730 
Chlorides of dibasic acids, 251 
Chlorine, combination with hydrogen, 
727 

reaction with carbon monoxide, 728 
with methane, 728 

Chloroacotanilide, transformation of, 
359 

Chlorophyll, 726 

Christiansen , activation by collision, 
374 

Chromophores, 714 
Cis-trans isomerism, 750 
Clapeyron-Clausius equation, 235, 630 
Claude, liquefaction of gases, 228, 230 
Clausius-Mosotti relationship, 740, 
742 

Clausius, electrolytic theory of, 607 
equation, 208 

Clement and Desormes’ experiment, 
195 

Clement, lead chamber process, 697 
Clerk - Maxwell , electromagnetic 
theory. Ill, 266, 738 
Clouet , liquefaction of gases, 226 
Coagulation of colloids, 684 
Coal-gas, purification of, 701 
Cockcroft and Walton, atomic trans 
mutation, 104 

Coefficient, absorption, 408, 712 
extinction, 712 
Coehn, chain theory, 728 
Cohen, transition point of tin, 654 
Colladon, liquefaction of gases, 227 
Colligative properties, 276, 466 ff. 
method for determining degree of 
hydrolysis, 566 
Collisions, effective, 342, 369 
Colloidal antimony trisulphide, 668 
arsenic sulphide, 608 
electrolytes, 662, 682 
ferric hydroxide, 668 
gold, 666 
lead, 667 

manganese dioxide, 668 
metals, 666 

particles, distribution under gra- 
vity, 680 
shape of, 676 
size of, 661 
phosphorus, 667 
platinum, 667 
Prussianblue, 670 
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Colloidal silica, 069 
silver, 666 
, silver iodide, 667 
solution, 659 
solutions, colour of, 676 
preparation of, 665 JT. 
stannic acid, 668 
sulphur, 324 
vanadic acid, 668 
Colloid mills, 670 
Colloids, 659 ff. 
and analysis, 687 
classification of, 60S 
coagulation by electrolytes, 684 
electrical properties of, 681 
molecular weights of, 670 ff. 
protection of, 666, 686 
Colorimetric method for determining 
pH, 655 

Colour and constitution, 714 
Colours of colloidal solutions. 676 
Combining volumes, law of, 1 2 
deviations from, 213 
Combustion, heat of, 610 
Complete dissociation, theory of, 
545 ff. 

Complex ions, 603, 604, 605, 655 
salts, 602 

conductivity of solutions of, 605 
Component, definition of, 383 
Compound formation, 393 
radicals, 148 

Compressibility coefficient of gases, 
210 

Conant, effect of solvent on solute, 
598 

Concentration cell, 642 
. formula for, 552* 
without transport, 653 
Conductance, specific, 512, 5 If 
Conduction, electrical, 505 ff. 
metallic, 533 
of electricity by gases, 54 
of electricity^ by liquids, 52, 505 ff. 
Conductivity, 512 
cell, 512 

determination of, 511 
of pH by, 551 
electrical and thermal, 634 
equivalent, 512, 516 
method for determining degree of* 
hydrolysis, 564 
molecular, 512 

of metals, and temperature, 535 
of potassium chloride solution, 514 
of solutions of complex salts, 605 
temperature effect, 519 
variation with dilution, 516 
viscosity effect, 519 
water, 515 

Conductor, types of, 505 


705 

Conjugated double bond* 153, 266* 
267 

Conjugate solutions, 430 
Consecutive reactions, 366 
Conservation of energy, law of, 623 
of matter, law of, 1 
Consolute temjwrature, 429 
Constancy of interfacial angles, law 
of, 285 

Constant boiling mixtures, 414, 415 
dielectric, 440, 737 
gas, 187, 188 
hydrolysis, 561 
proportions, law of, 3, 341 
Constitute properties, 231 ff. 
Contact process, 701 
Continuity of state, 220 
Continuous flow calorimeter, 193 
Contra- valency, 157 
Convergence frequency, 118 
Co-ordinate valency, 163 ff. 
Co-ordination compounds, 154 ff., 164 
ionisation of, 157 
stereochemistry of, 156 
number, 156 

Copper, equivalent of, 49 
sulphate, electrolysis of, 610 
hydrates of, 395, 403 
Correction of thcrmnchexnical data, 
617 

Corresponding states, theory of, 224, 
225 

Cosmic rays, 104 

Cottle , third order reaction, 365, 378 
Cottrell , elevation of boiling point, 
490 

Covalency maximum, 179 ff. 

Covalent compounds, distinction from 
elcctvovalent compounds, 168 
linkage, 168 ff., 739 
Crafts’ Rule, 238 
Criteria of catalysis, 699 
Critical constants, 220 
phenomena, 2 1 7 

ami van dcr Waals’ equation, 
221 

pressure, 217 
determination of, 219 
solution temperature, 429 
temperature, 217 

and boiling point, 225 
determination of, 219 
volume, 217 
determination of, 219 
Crookes’ dark space, 55 
Cryohydrates, 447 
Cryohydric point, 393, 447 
Crystal faces, growth of, 283 
nuclei, 282 

structure, determination of, 
288 ff. 
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Crystal, structure and chemical con- 
stitution, 233 if. 
systems,' 285 ff., 280 
Crystalline state, 27V ff. 
Crystallisation, process of, 281 
Crystalloids, 500 
Crystals, growth of, 282 
impurities in, 284 
liquid, 270 f. 
structure of, 288 ff. 
vapour pressure of, 336 
Cubic lattices, 205 
system, 289 

Camming , determination of vapour 
pressure, 486 

Curie, Mint., radioactivity, 62 
Curie and Joliot , artilicial radio- 
activity, 104 
Cyanine dyes, 726 
Cyclotron, 103 

Czerny, structures of molecules, 734 


D series, 131 
Date, rofractivity, 265 
Dalton , 16, 143, 696, 733 
atomic theory, 14 
Henry’s Law, 416 
Law of multiple proportions, 5 
Law of partial pressures, 405 
Daniell cell, 625 

application of Gibbs -Helmholtz 
equation to, 630 

Daniels, decomposition of nitrogen 
pentoxide, 356 

Davisson, diffraction of electrons, 304, 
306 

Davy , catalysis by platinum, 696 
eloctroysis, 52 
thoory of combination, 147 
Dau sdv, lodination of acetone, 596 
neutral salt effect, 708 
Deacon process, 698 
Deb i erne and 0 tenet, actinium, 63 
De Broglie, wave mechanics, 140 ff., 
304 

Debye, adiabatic demagnetisation, 
230 

dipole moments, 740 
powder method of X-ray analysis, 
300 

specific heat of solids, 306, 307 
strong electrolytes, 545 ff . 

X-ray interference of vapours, 736 
Decomposition, double, 724 
potential, 656 

De Coppet, depression of freezing 
point 495 

De Fourcroy, liquefaction of am- 
monia, 226 


Degree of dissociation, 516 ff. 
apparent, 517 

in non-aqueous solvents, 632 * 
of freedom, 384 
Degree of hydrolysis, 561, 650 
determination of, 564 ff. 

De Haas , adiabatic demagnetisation, 
227, 229, 230, 231 
Deliquescence, 395 
Delsaulx, Brownian movement, 677 
Delta rays, 67 

Demagnetisation, adiabatic, 227 ff. 
De Morveau , liquefaction of am- 
monia, 226 

Dempster , positive ray apparatus, 91 
Depression of freezing point, 495 ff., 632 
determination, Beckmann 
method, 496 
Hast method, 496 

Dcsormes , lead chamber process, 697 
specific heats of gases, 195 
Deuteron (deuton), 99 
Devitrification, 284 
De Vries, osmotic pressure, 470 
Dewar , liquefaction of hydrogen, 230 
Dew-point method of determining 
vapour pressure, 486 
Diacetonyl alcohol, 709 
Dialysor, 604 
Dialysis, 663 

Diamond, crystal structure, 302 
stability of, 326 
Dianthracene, 725 
Diastase, 701 

Diatomic molecules, structure of, 746 
Dielectric constant, 440, 737 
and ionisation, 531 
determination of, 738, 739 
of liquids, 27 5 

relationship to refractive index, 
738 

solubility and, 440 
variation with temperature, 743 
Diesmlhorst, shape of colloidal par- 
tides, 676 

Dieterici, determination of vapour 
pressure, 482 
equation, 208 

Dietz, effect of solvent on solute, 599 
Diffraction of electrons, 304 
of X-rays, 290 ff. 

Diffuse aeries, 120, 131 
Diffusion, 660 

coefficient, 671, 678 
law of, 186 

Dilatometer, 316, 403 
Dilution, heat of, 609 
law, Ostwald’s 533, 539, 544 
experimental verification of, 540, 
541 

validity of, 542 
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Dimethyl ether, thermal decomposi- 
tion of, 350 

Dipole momenta, 737 ff. 
determination of, 740 ff. 
of aromatic and aliphatic deriva- 
tives, 751 
of linkages, 748 
table of, 746 
vector addition of, 746 
Disintegration, radioactive, 77 
Disperse phase, 660 
Dispersion, degree of, 661 
medium, 660 
Dissociation. 499, 600 
constant, 539 
degree of, 516 ff. 

in non-aqueous solvents, 532 
eleetrolytic, 507 AT. 

arguments against, 508, 509 
evidence for, 532 

of ammonium hjdrosulphido, 353 
of calcium carbonate, 352 
of nitrogen totroxido, heat of, 641 
of phosphorus pentachloride, 346 
of salt hydrates, 352 
photochemical, 722 
Dissolution of crystals, 283 
Distillation, fractional, 437, 438 
steam, 436, 437 
Distribution law, 451, 691 
deviations from, 452, fF. 
method for complex ions, 601 
for degree of hydrolysis, 564 
of a base between two acids. 589 
of colloidal particles under gravif \ , 
680 

Dixon , velocity of sound, 198 
Dobbie , keto-enol tautomerism, 270 
l)ohe reiver, lamp, 696 
law of triads, 28 
poisoning of catalysts, 697 
Dolique , phenol-water system, 430 
Donor, 165 ’ 

Double bond, 152, 162, 252 ff. 
conjugated, 152 
decomposition, 724 
layer, electrical, 683 
refraction, 260 

of liquid crystals, 280 
salts, 602 

Draper , photochemistry, 711 
Drop-weight method for surface 
tension, 245 

Dmde , metallic conduction, 533, 534 
valency, 158 

Drying, intensive, 330 fF., 700 
Dualistic theory, 146 
Dtdcmg and Petit, specific heat law, 
24, 30(5 

Dimas, composition of water, 37 
gQfcetttation, 147 


Dumas, theory ofytjw, 14S 
vapour density of method, 34 
Dunstan’s equation, 258, 272 
Dutoit , association of liquids, 271 
Dyes, 663 

I )ynomic allotropy, 312 ff. 


Eccentricity of electronic orbits, 
129 

Edgar und Burt, composition of water, 
41,213 

Effect, photo-electric, 710, 718 
of pressure on equilibrium, 345 
of temperature on equilibrium, 349 
Effective collisions, 342, 369 » 

compressibility coefficient, 211 * 

quantum number, 131 
Egerton , separation of isotopes, 100 
Eggert , photochemistry, 717, 722 
Einstein, Brownian movement, 678 
law of photochemical equivalent, 
721,724 

deviations from, 725, 728 
Eh ctrical double layer, 683 
properties of colloids, 681 
Electrochemical equivalent, 53 
Electrochemistry, 642 ff'. 

Electrode, calomel, 553 
glass, 554 

hydrogen, 642, 551, 553 
potential, 642 
quinhydrone, 553 
Electrolysis, 505 ff. 
examples of. 509 
laws of, 52, 506, 507 
Klectrolj tes, 505 ff. 
amphoteric, 600 ff . 
colloidal, 662, 682 
strong, 509 

anomaly of, 544 
Electrolytic dissociation, 507 ff. 
arguments against, 508, 509 
evidence for, 532 
reduction, 657 

Electromagnetic and electrostatic 
units, 57 

Electrometric titrations, 577 
Electromotive force method for 
degree of hydrolysis, 567 
for pH determination, 551 
Electron, 53, 73 
charge on, 67 ff. 
gas, 534, 535 
polarisation, 740 
Electron-ray interference, 737 
Electron spin, 137, 139 
Electronegative series, 643 
Electronic theory of vidency, 157 ff. 
Electrons, arrangement in orbits, 
132 ff. 
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diffraction of, 304 
Electro-osmosis, 684 
Electrophoresis, 681 
Electrovalenfc bond and ionisation, 

165 

compounds, 160 ff. 

distinction from covalent com- 
pounds, 169 

Element, Boyle’s definition, 13 
modem definition, 14 
Elevation of boiling point, 486 ff., 631 
determination of, Beckmann, 
488 

Cottrell, 490 
Landsberger, 489 
Swiontoslawski, 490 
limitations of method, 494 
osmotic pressure and, 492 
Elixir of life, 696 

Flsasser, diffraction of electrons, 304 
Emulsin, 697 
Enantiotropy, 312 ff. 

and momotropy combined, 314 
Endothermic compounds, 613 
reactions, 633 

Energy and chemical reactions, 623 ff. 
and hear , 623 
candle power, 716 
content of polymorphs, 3 1 0 
corresponding to wavelengths, 715 
free, 629, 633 
level, 117 

Enzyme catalysis, 697, 701 
Kosin, 720 

Eotvos equation, 247, 248 
Equilibria, ionic, 539 ff. 

Equilibrium box, van’t Hoff, 635 ff. 
chemical, 339 ff. 
constant, 342 ff. 
frozen, 343 

Equipartition of energy, 191 
Equivalent conductivity, 512 
at infinite dilution, 520 
electrochemical, 53 
proportions, law of, 6 
Equivalents, determination of, 8-12, 
45 

Erlenmeyer, stereochemistry, 148 
Esterification, 343 

Estermann, dipole moment of pent- 
erythritol, 746 
Ether, structure of, 275 
Ethyl acetate, hydrolysis of, 301 ff., 
357, 377 

Euckm , specific heats, 194 
Eutectic, 447 
point, 392 

Exaltation, optical, 265 
Excitation, 716 
Exothermic compounds, 613 
reactions, 633 


Extended theory of acids and bases, 
585 

Extinction coefficient, 712 
molecular, 713 
Extraction, 455 


F series, 131 
Fajans’ rule, 170 ff., 531 
Faraday , 505, 507 
adsorption, 703 
dark space, 55 

intermediate compound theory, 698 
laws of electrolysis, 52, 506, 507 
liquefaction of gases, 226 
poisoning of catalysts, 697 
Faraday, the, 53, 57 
Folding's solution, 180e 
Feick, colours of colloids, 677 
Fenton , solubility of sulphur dioxide, 
414 

Ferguson , verification of Kohlrnrsch s 
equation, 544 
Ferments, inorganic, 707 
Ferric chloride, hydrates, 394, 448 
hydroxide, colloidal, 668 
thiocyanate reaction, 348 
Fibre photographs, 303 

suspension buoyancy balance, 22 
Fire-fly, glow of, 730 
First law of thermodynamics, 623 
subordinate series, 1 20 
Fluorescein, 720 

adsorption indicator, 693 
Fluorescence, 717, 720 
sensitised, 721 
Formation, heat of, 611, 614 
Fourier analysis of X-ray photo- 
graphs, 304 

Fractional crystallisation, 461 
distillation, 437, 438 
F/anck and Cairo , fluorescence, 720 
Frank land, theory of valency, 149 
Franz, metallic conduction, 534 
Frazer , osmotic pressure, 469 

determination of vapour pressure, 
483 

Free energy, 629, 633 
Freezing mixtures, 226, 227, 447 
point, depression of, 495 ff., 632 
determination of, Beckmann, 496 
Hast. 496 

method of determining pH, 555 
relationship to osmotic pressure, 

the equilibrnim, 343 
Fresnel's reflection law, 711 
Freundlich , coagulation of colloids, 
684 

isotherm, 424, 691 

shape of colloidal particles, 676 
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< Umma rays, 63, 67 
Gamow, structure of the nucleus, 139 
(las constant, 187, 188 
Gaseous densities, determination of 
18 ff. 

Gases, 182 ff. 

conduction of electricity through. 
54 

liquefaction of, 220 
solution of in gHM's, 405 ff. 
of in liquids, 408 ff. 
of in salt solutions. 412 ff. 
of in solids, 421 ff. 

X-ray interference of, 736 
Gas laws, identity with osmotic 
laws, 471, 474 ff. 

Gay-Lussac, 333 
cyanogen, 144 

law of combining volumes, 12, 185 
deviations from, 213 
lowering of vapour pressure, 476 
Gay-Lussac and Humboldt , compo«i 
tion of water, 41 
Geiger , velocity of sound, 200 
Geiger and Marsden, scattering of 
jS-particlos, 75 

Geiger and Rutherford , Avogadro’s 
number, 202 
Gel, 660, 662 

Gerhardt , theory of types, 149 
Gerlach , molecular beam, 743 
Germcr , diffraction of electrons, 304, 
305 

Gernez , crystallisation, 283 
Gerthscn, atomic transmutation, 105 
Ghosh, complete dissociation, 545 
Giauque, adiabatic demagnetisation, 
230 

Gibbs , adsorption law, 688 ff. 

Gibbs -Helmholtz equation, 629, 633, 
634, 637, 640 
phase rule, 382 ff. 

Giesel and Debierne , radioactivity, 63 
Gladstone, chemical equilibrium, 348 
refractivity, 264 
Glass electrode, 554 
nature of, 284, 302 
spring tensimeter, 37 
Glow-worm, glow of, 730 
Glucose, mutarotation of, 358, 596, 
709 

Geld, colloidal, 666 
number, 686 
Goldschmidt, 530 
hydration of ions, 594 


Gouy , Brownian movement, 677 
Graham , 660 
colloids, 659 r 
dialysis, 663 
law of diffusion, 186 
occlusion of hydrogen, 426 
i J ram-calorie, 608 
Graphite, crystal structure, 302 
stability of. 326 

Gray and Hurt. composition 
hydrogen chloride, 213 
Green , decomposition of nitric oxide. 
360 

Grey tin, 327 
Grotthus , 507 

Grotthus chain theory, 506, 530 
Grot thus -Draper Law, 711 
G round term, 1 25 

Gadden and Fold, photo-conduction. 
720 

Guldberg , law or mass action, 341 ff. 
Guye, limiting density, 210 
Guyc and Pintza , volumeter, 19 
composition of ammonia. 213 


Haber , glass electrode, 554 
Haber process, 347, 700 
Htrmocvanin, molecular weight of. 
674 

Halban , von, 713 
Boor’s Law. 712 
structure of nitric acid, 713 
Half-lil'o period, 79 
Halides, non-motallic, action of water 
on, 180a 

Hall, effect of solvent on solute, 598 
Hallwachs, photo-eleetric effect, 718 
Hammett, effect of solvent on solute*, 
599 

Hammick, benzene substitution, 752 
Hantzsch , absorption spectra, 713 
pseudo-acids, 267 
Hardy, adsorption, 703 
charge on colloids, 683 
coagulation of colloids, 684, 685 
Hardy and Schulze, law of, 685 
Harkins, separation of isotopes, 99 
Hartley , determination of osmot ic 
'pressure, 469 

keto-enol tautomerism, 269 
non -aqueous solutions, 532 
strength of nitric acid, 699 
Hartley’s rule, 269 

Hauser, X -ray examination of rubber, 
304 

Hautefeuille, occlusion of hydrogen, 
426 

Hauy’a Law, 333, 334 
Heat and energy, 623 
of atomisation, 617 
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Heat and energy of combustion, 610 
Heat of dilution, 609 

of dissociation of nitrogen 
tetroxide, 641 
of formation, 611, 614 
of linkages, 618 ff. 
of ionisation of water, 668, 559 
of neutralisation, 632, 666, 687, 
614, 016 
of reactibn, 608 
of solution, and solubility, 444 
theorem, Nernst, 637 
tonality, 608 
units, 188 

Heavy water, 99, 100, 101 
Heisenberg, neutron, 76, 83, 106 
matrix mechanics, 140 
Heitler and London , covalent linkages, 
140, 159, 171 

Helium, atomic model of, 83 
Helix pomatia, molecular weight of 
hoemocyanin of, 674 
Helmholtz , 683 
the electron, 53 

Henry’s Law, 414, 416, 451, 648 

application to solution of gases 
in solids, 422 
deviations from, 418 ft*, 
verification of, 417 

Hertz , Schulze and Harm sen, hydro- 
gen isotope, 99 

Herzog, diffusion of colloids, 671 
Hess’s Law, 590, 61 1, 612, 623 
Heterogeneous catalysis, 097, 700 
equilibria, application of law of 
mass action to, 351 ff. 
use of Phase Rule, 382 ff. 
Heuse , specific heats, 193 
Hevesy, 682 

radioactive indicators, 442, 443 
separation of isotopes, 97 
Hexagonal system, 289 
Hexahydrobenzene, action of bro- 
mine on, 724 

, Heycock, vapour pressure of carbonyl 
chloride, 233 

Heydweiller, law of conservation of 
matter, 1 

resistance of water, 557 
Heydweiller and Kohlrausch , conduc- 
tivity water, 515 
Hicks, spectral formula, 1 20 
Higgins , Z*., and W. t 14 
Hildebrand , perfect solution, 477 
Bilger spectrophotometer, 268, 269 
Hill, mutual solubility, 432 
Hinshelwood, acetone, thermal de- 
composition of, 356 
decomposition of nitric oxide, 360 
of nitrous oxide, 363 
of phosphine, 356 


Hinshelwood , order of reaction, 355 
Him’s equation, 207 
Hittorf, 605, 654 
transport experiment, 522 ff. 
Hoffmann, vapour density, 36 
Hoitsema , occlusion of hydrogen, 426 
Horn fray, Mies, adsorption of argon, 
692 

Homogeneous catalysis, 708 ff. 
Honig8chmid, atmoic weight of sele- 
nium, 96 

Honigschmtd and Birckenbach , sepa- 
ration of isotopes, 97 
Hilckel, strong electrolytes, 645 ff. 
Hudson , nicotine-water system, 43 1 
Hull , X -ray powder method, 300 
Humboldt, law of combining volumes, 
12 

Humboldt and Gay-Lussac, composi- 
tion of water, 41 

Hutchison, thermal decomposition of 
acetone, 356 

Huygens, wave- theory of light. 111 
Hydration of the hydrogen ion, 549, 
594 ff. 

of ions, 528, 529 

Hydrogen, allotropy of, 326, 327 
anomalous Joule-Thomson effect, 
230 

combination with chlorine, 727 
olectrodo, 551, 553, 642 
iodide equilibrium, 344, 362, 363 
ion, catalysis by, 708 
concentration, 549 

calculation of, 549, 550 
determination of, 651 ff. 
hydration of, 594 ff. 
mobility of in non - aqueous 
solutions, 530 

theory of strengths of acids, 
594 ff. 

isotope, 100 ff., 728 

and composition of water, 42 
occlusion by palladium, 426 ff. 
ortlio- and para-, 141 
overvoltage, 657 
permitted orbits, 116 
peroxide, catalytic decomposition, 
360, 377, 696 

poisoning of catalytic decompbsi- 
tion of, 706 

preparation from water gas, 700 
replacement in acids by metals, 644 
solubility of, in cane sugar solution, 
413 

spectrum of, 117 
theory of, 1 23 
Hydrogenation, 701 
Hydrolysis constant, 561 
degree of, 561, 650 
determination of, 564 ff. 
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Hydrolysis of esters, 591 
of ethyl acetate, 357, :i>i 1 f. 
of salts, 559 ff. 
of starch, 696 

Hydrosulphuric acid, basicity of, 587 
Hydroxides, precipitation of, 582 
Hydroxonium ions, 519, 594, 595 
Hydroxyl ion, catalysis by, 708 


Illingworth, benzene substitution, 751! 
Immiscible liquids, vapour pressure 
of mixtures, 436 
Impurities and crystals, 284 
Independent mobility of ions, 519 
Indicator method for determining 
degree of hydrolysis, 567 
pH, 555 
Indicators, 555 
adsorption, 093 
theory of, 573 ff. 

Indices, 285 
Inert pair, 168, 169 
Inertia, moment of, for a molecule, 
734 

Infinite dilution, conduetivity at, 520 
Infra-red spectrum, 734 
Inorganic ferments, 707 
Intensive drying, 275, 330 ff., 700 
Intercepts, 285, 287 

law of rationality of, 285 
Interfaced angles, law of constancy 
of, 285 

Intermediate compound theory of 
catalysis, 698, 702 
Intrinsic energy, 611, 617 
Invariant system, 385 
Inversion temperature, 230 
Invcrfcase, 701 

Iodination of acetone, 708, 596 
Iodine chloride, monotrupy of, 313 
Ionic equilibria, 539 ff. 

migration method for complex 
ions, 605 

product for water, 64 1 

determination from hydrolysis, 
567 

Ionisation and dielectric c onstant, 531 
and clnctrovalency, 165 ff. 
heat of, 558 
potential, 125 
Ions, 507 
complex, 156 
hydration of, 528, 529 
mobility of, 519, 520 
Iron, allotropy of, 316 
Irreversible processes, 624 ff. 
sols, 662 

Irvin , enzyme action, 697 
Isatin, constitution of, 270 
Isobares, 86 


Isochore, van’t Hoff, 640 
Isodimoiphism, 335; 336 
Isoelectric point, 683 
Isolation method for determining 
order of reaction, 368 
Isomeric transformation, 724 
.laomerides, and law of Constant pro- 
portions, 4 

Isomerism, cistrans, 760 
Isomorphism, criteria of, 335 
law of, 333, 334 

use of, in determining atomic 
weights, 24, 330 
Tsomorphous overgrowths, 335 
laopolymofphifem, 336 
Isotherm, adsorption, 424, 691 
for gases, 218 
van’t Hoff, 636 
Isothermal change, 195 
diagrams, 396 ff. 

Isotonic solutions, 468 
Isotopes, 17, 87 

and law of constant proportions, 4 
detection of, 89 
separation of, 99 
table of, 92, 93, 94 
Isotrimorphisrn, 336 


Jeans, cosmic rays, 104 
Johnston, decomposition of nitrogen 
pontoxicle, 356 

Joliot and Curie , artifual radio* 
activity, 104 

Joly, steam calorimeter, 1 94 
Jones, catalysis, 699 

degree of hydration of ions, 529 
Joule’s equivalent, 623 
Joulo-Thomson effect, 207, 227, 229 
J ust, solubility of gases, 411 


K LEVEL, 84, 85, 128 
K spectra, 85 

Kohlenberg, strengths of acids, 597 
KgUmann, molecular beam, 743 
Kamerlingh Onnes, low temperatures, 
229, 230 

Katayanm’s equation, 248 
Kauffmann, theory of colour, 714 
Kauisky , chemiluminescence, 730 
Keesorn, low temperatures, 229 
KekvU, theory of types, 145 
valency, 146, 147 

Kendall , separation of isotopes, 100 
Koto-enol tautomorlsm, 266, 268, 270 
Kilogram-calorie, 608 
Kinetic theory of gases, 182 ff. 
Kinetics, chemical, 339 ff. 
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Kir chaff, black-body radiation, 112 
enzymes, 607 
hydrolysis of starch, 696 
Kirchoff's equation, 623 
Klaproth, pitchblende, 63 
Klemensiewicz , glass electrode, 654 
Knipping, X-ray diffraction, 291 
Knupffer , affinity, 647 
Koch's apparatus for viscosity, 256, 
267 

Kohlrausch, 628 

determination of conductivity, 513 
law of independent mobilities, 519 
mobility of ions, 541 
/esistance of water, 657 
Kohlrausch and Hcydwciller, conduc- 
tivity water, 515 

Kohlrausch and M alibi j, degree of 
dissociation of potassium chloride, 
642 

Kohlrausch *s equation, 543, 546 
Kohlschutter , shape of colloidal par- 
ticles, 676 
Kolbe, valency, 150 
JCopp , 241, 242 
molecular volumes, 240 ff. 

Kopp’s rule, 308 

KosseU , static model of the atom, 159,> 
161 

Kramers , activation by collision, 
374 

Kruger , polymerisation of methyl - 
antliracone, 725 
Kundt’s tube, 199 


L i.EVUL, 84, 85, 128 
L spectra, 85 

Lambert’s absorption law, 712 
Landalt , law of conservation of 
matter, 1 

Landsbergcr , elevation of boiling 
point, 489 

Langnuir , adsorption, 425, 703, 704 
Lapworth , bromination of acetone, 
366 

catalysis, 699 
Latent image, 723 
Lattice blocks, 283 
Lauder, keto-enol tautomerism, 269 
Taw, X-ray diffraction, 290 ff. 
Lavoisier, 1 
Law, distribution, 691 

Henry’s, 414, 415, 417, 418, 422, 
451, 528 

of additive volumes, 406 
of combining volumes, 12, 15, 185, 
2J3 

of conservation of eneigy, 623 
of matter, 1 

of constant proportions, 3, 341 


Law of electrolysis, 62, 506, 607 
of equivalent proportions, 6 
of Hardy and Schulze, 68 6 
of heat summation, 612 
of independent mobilities, 519 
of mass action, 341 ff., 351 ff. 
of multiple proportions, 5, 15 
of octaves, 29 

of partial pressures, 232, 405 
of photochemical equivalent, 721, 
724, 725, 728 

of reciprocal proportions, 6 
of successive reactions, 325, 330 
Lawrence , atomic transmutation, 103 
Livingston and Lewis, transmuta- 
tion, 104 

Lead colloidal, 667 
valency of, 167 

variation of atomic weight of, 
101 

Lead-chamber process, 696, 697 
Lc Bel , tetrahedral carbon atom, 151 
Lo Chatelior’s theorem, 321, 346, 349, 
387, 390, 414, 416, 444, 450, 613, 
641 

Lemon , complex thiosulphates, 402 
Lewis, Q. N., 159 
activities, 353, 544 
static modol of the atom, 159 
Lewis, toxicity of heavy water, 100 
Lewis and Macdonald, hydrogen iso- 
tope, 99 

Lewis, W. C. McC., unimolocular 
reactions, 372 f. 

Liebig, benzoyl radical, 144 
emulsin, 697 

Light, absorption of, 267 ff., 711 
polarisation of, 259 
Limiting density, 209 
Linde process, 229 

Lindcmann , activation by collision, 
373 ff. 

Link, covalent, 1 61 ff., 739 
eloctrovalent, 160 
Linkages, dipole moments of, 748 
heat of formation of, 618 ff. 
Liquefaction of gases, 217 ff., 226 
Liquid ammonia as a solvent, 599 
crystals, 279 
Liquids, abnormal, 273 
allotropes of, 333 
associated, 272 ff. 
molecular weight of, 270 
normal, 273 

solution of, m liquids, 428 ff. 
structure of, 274, 275 
X-ray interference of, 736 
Liquidus, 459 

Lithium atom, disintegration of, 103 
isotopes of, 87 
spectrum of, 121 



778 


Lodge** experiment, 527 
Lohfert , Tyndall beam, 075 
Loomis , supersonic waves, 720 
Lorentz , H . -A., refractivity, 265 
Lorentz-Lorenz equation, 265, 74 1 
Lorenz L., refractivity, 265 
Loschmidt’s number, 201 
Lothar Meyer, valency, 154 
Lovelace , vapour pressure, 483 
Low temperatures, methods of 
attaining, 227 if. 

Lowering of vapour pressure, 476 ff. 

and osmotic pressure, 470 
Lowemstem , 696 

Lowry , mutarotation of glucose, 696 
semi -polar link, 163 ff. 

Ltimmer and Pringsheim , specific 
heat, 196 

Lumsden , vapour pressure, 32, 46 
Luther, anthracene polymerisation, 
725 

Lyman series, 118 
Lyophilic sols, 662 
Lyophobic sols, 662 


M level, 84. 85, 128 
M spectra, 85 
McBain , 690 
McCollum , specific heat of nitrogen 
tetroxide, 193 

MacFar/ane , solubility of vapours in 
gases, 408 

McLeod , catalytic action of manga- 
nese dioxide, 702 

MacLeod's equation, 246, 247, 249, 
254 

Magnetic rotation, 263 ff. 
and structure, 265 
Maleic acid, 724 
Maltose. 701 

MaUhy and Kohlrausch, degree of dis- 
sociation of potassium chloride, 542 
Manganese dioxide, catalytic action 
of, 702 
colloidal, 668 

Mark , X -ray analysis of rubber, 304 
Marshall, chain reactions, 727 
Marum, von, liquefaction of ammonia, 
226 

Mass action, law of, 341 ff. 

derivation from the kinetic 
theory, 342 
Moss spectrograph, 90 
Mathias and Caillelct, critical volume, 
219, 220 

Matter, conservation of, 1 
Maxwell, equipartition of energy, 191 
Mean free path, 183, 200 
Mechanical strains in metals, 329 
Mnfth*nj«n of chemical chan ge, 368 ff . 


INDEX 

Meitner, artificial radioactivity* 107 
Melting point and critical tempera- 
ture, 226 

and transition point compared, 
321 

Mendeleejf, periodic law, 29, 30 
Menzies, vapour pressure, 486 
Afercer, catalysis, 698 
Mercury, separation of isotope* of, 
100 

valency of, 167, 660 
Mesomorphic state, 280 
Meson, 109 

Messerschmidt, cosmic rays, 104 
Metallic conduction, theory of, 533 ff. 
Metals and non-metals, 105 

colloidal solutions of, 659, 066 
mechanical strains in. 329 
X-ray examination of, 303 
Metastability, 311 

Metastable forms, velocity of trans- 
formation, 328 

Methane, reaction with chlorine, 728 
Methyl alcohol, preparation of, 700 
orange, 574 

M othy lanthracene, polymerisation of, 
725 

Microbalance, 21 
Mie, colours of colloids, 677 
Miles , solubility if sulphur dioxide, 
414 

Millikan , 68. 71 ff., 204. 718 
M ilner , complete dissociation, 645 
Mitscherlich, law of isomorphism, 333, 
334 

Mittasch , adsorption, 704 
Mixed crystals, formation of, 335 
Mobility of hydrogen ion in non- 
aqueous media, 530 
of sol panicles, 682 
Mojoiu , association of liquids, 271 
Molecular absorption coefficient, 712 
beam method for dipole moments, 
743 

compounds, 151 
conductivity. 512 

depression of freezing point, 496, 
497 

elevation of boiling point, 487 
extinction coefficient, 713 
magnetic rotation, 263 
refractivity, 265 
rotation, 262 
spectra, 733 
surface energy, 247 
velocities, 187 
viscosity, 258 
volume, 238 ff., 272 
at absolute zero, 254 
determination of, 242 
of halides, 239 
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Molecular volume of isomen, 240 
of paraffins, 241 
of water, 239 
weights, abnormal, 499 
determination of by osmotic 
pressure, 472 
by Kaoult’s Law, 481 
complex ions, 605, 606 
^‘liquids, 270 

use of Avogadro’s hypothesis, 
209 ff. 

Molecules, mass of, 205 
structure of, 733 ff. 

Moles and Batuecas , density of 
ammonia, 211 

Moment of inertia of a molecule, 734 
Monatomic molecules, polarity of, 746 
Monge , liquefaction of sulphur di- 
oxide, 226 

Monochloracetic acid, action of water 
on, 724 

Monoclinic sulphur, 323 
system, 289 
Monotropy, 312 ff. 

and enantiotropy combined, 314 
Morgan , solubility of oxygen in 
water, 417 

Morley , composition of water, 12, 39 
Morse , osmotic pressure, 469 
Moseley , X-ray spectra, 82 
Multiple proportions, law of, 5 
Multiplets in spectra, 121, 140 
Murray-Rust, non -aqueous solutions, 
532 

strength of nitric acid, 699 
Mutarotation of glucose, 596, 709 
Mutual solubility of liquids, 431, 432 


N level, 85 
Macreous sulphur, 323 
Narcosis, catalytic, 707 
Negative catalyst, 706 
Neon, molecular weight of, 213 
Nemst, action of bromine on hexa- 
hydrobenzene, 724 
chain reactions, 727 
heat theorem, 637 
theory of solution pressure, 642 
Neuhaus , growth of crystals, 283 
Neutralisation, heat of, 532, 556, 587, 
614 

determination of, 614 ff. 
pH changes in, 571 ff. 
volume change on, 590 
Neutrino, 109 

Neutron, 77, 81, 82, 83, 105, 139 
iNewlands, periodic table, 29 
Newton, theory of light, 111 
Nicholson and Carlisle, composition 
of water, 41 


Nickel, finely divided as a catalyst 
701, 705 

Nicol prism, 260, 261 
Nicotine- water system, 431 
Nitric acid, behaviour of, 597 
constitution of, 713 
Nitrobenzene, 275, 333 
Nitrogen, active, 326 
allotropy of, 326 
molecular weight of, 212 
pentoxide, thermal decomposition 
of, 355 

Nitrous acid, behaviour of, 598 
oxide, compressibility of, 211 
decomposition of, 363 
Noddack , action of bromine on hexa- 
hydrobenzenc, 724 
Non-aqueouB solutions, 530 ff. 
Non-polar linkages, 162 
Non -variant systems, 385 
Normal liquids, 428 
Northmore , liquefaction of gases, 226 
Noyes , composition of water, 40 
reaction between hydrojgen per- 
oxide and hydriodic acid, 366 
reduction of ferric chloride, 364 
365 

third order reaction, 365, 378 
Nuclear fission, 108 
Nuclear spin, 139, 141 
Nuclei, crystal, 282 
Nucleus, atomic, 83, 138 
Number, gold, 686 
transport, 520 ff. 

determination of, 522 ff., 653 


Occhialini y positive electron, 107 
Occlusion of hydrogen by palladium, 
426 

Octaves, law of, 29 
Offer t cryohydrates, 447 
Ogg t valency of mercurous ion, 650 
Ohm’s Law, 506, 511 
Oliphant and Rutherford, atomic 
transmutation, 103 
Olschewsbj , liquefaction of gases, 229 
One-component systems, 385 ff. 
Onsager, complete dissociation, 546 
Optical activity, 259 ff. 
and constitution, 262 
exaltation, 265 
Order of a reaction, 354, 365 

determination of, 367, 368, 378 
Orientation polarisation, 740 
Ortho-aminophthalic cyclic hydra- 
zide, 730 

Ortho-hydrogen, 144, 327 
Ortho-rhombic system, 289 
Osmosis, 466 ff. 
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Osmotic pressure, 467 ff. 

and depression of freezing point, 
497 

Osmotic pressure and elevation of 
boiling point, 492 
and gas laws, 474 ff. 
and lowering of vapour pressure, 
479 

offect of concentration on, 470 
dissociation on, 517 
of temperature on, 471 
experimental determ inat ion 

Berkeley and Hartley. 109 
de Vries, 4/0 
Morse and Frazer, 469 
Pfeffer, 469 
laws of, 470 
theory of, 473 
OatwcUd , 591 

absorptiometer, 409 
basicity rule, 588 
colloidal gold, 666 
colloids, 660, 662 
criteria of catalysis, 699 
dilution law, 533, 539, 544 
dynamic method for vapour pres- 
sure, 483, 484 

law of successive reactions, 330 
order of reaction, 368 
phase rule, 382 
theory of indicators, 573 
viscometer, 258 
Overvoltage, hydrogen, 657 
Oxalic acid, permanganate titration, 
708 

Oxidation potential, 644 ff. 

Oxygen, solubility in water, 417 
standard, 7, 88, 100 

P spectra, 13! 

Petal, protection of colloids, 687 
Packing fractions, 92d 
Palladium, occlusion of hydrogen by, 
426 

Panchromatic plates, 726 
Paneth , radioactive indicators, 442, 
443 

Paraohor, 248 ff., 271 
Para-hydrogen, 144, 327 
Paraldehyde, structure of, 250, 251 
Parmentier , hydrolysis of starch, 696 
Partial pressures, Dalton’s law of, 405 
pressure of a gas, determination of, 
406 

valency, 152 

Particle size and solubility, 460 
Partition law, 451 
Paschen series, 118 
Passivity, 305 

Patterson, compressibility coemwent, 

210 


Pauli exclusion principle, 139 
Pentatomic molecules, structure of, 
748 

Pentery thritol, dipole moment of, 746 
Peptisation, 665, 670 
Perchloric acid, chemical behaviour 
of, 598 

Perfect solution, 466 
Perkin, W. H. t magnetic rotation, 
263, 264 

Periodic acid, basicity of, 687 
Periodic law, 17 

explanation of anomalies, 86 
table, 26, 27, 28, 29, 30, 82 
Permanent gases, 227, 229 
Perrin , Avogadro’s number, 203, 680, 
681 

theory of unimolecular reactions, 
372 ff. 

PJcffer, osmotic pressure, 468, 471 
pH values, 549 ff. 

Phase, 383 
disperse, 660 
rule, 3S2 

reduced, 391 ff. 

Phonolphthulein, 674, 575 
Phenol-watersystem, 428, 429, 463 
Philosopher’s stone, 696 
Phosphine, thermal decomposition 
of, 356, 368 

Phosphorescence, 17). 721 
Phosphors, 721 

Phosphorus, allotropy of, 324, 325 
black, 325 
colloidal, 667 

pentachioride, dissociation of, 346, 
348 

red, 325 
violet, 325 
white, 326 

Photochemical action of X-rays, 729 
equivalent, law of, 721, 724, 725, 
728 

deviations from, 728 
processes, 716 ff. 
reactions, 72X 
yield, 721 

Photochemistry, 711 ff. 
Photo-conduction, 720 
Photo-electric cells, 718 
effect, 716, 718 
Photography, 23,726 
Photophysical processes, 716, 717 
Photoprooeases, 716 ff. 
Photo-sensitisation, 725 
Photo-stationary state, 724 
Photo -synthesis, 726 
Phthalyl chloride, structure of 252 
Physical method for determining 
atomic weights, 30, 93 
Pictet , liquefaction of gases, 227, 229 
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Pier, specific heats, 104 
Pinene, racemisation of, 356 
Pintza and Guye, composition of 
ammonia, 213 

Pirsch, molecular depression, 496 
Pitchblende, 63 
Planck constant, 719 
Planck , electrolysis, 508 
quantum theory, 112 
Plastic sulphur, 324 
Platinum, colloidal, 667 
Playfair , catalysis, 698 
Pohi and Guddcn , photo -conduction, 
720 

Point, transition, 654 
Poise, the, 255 
Poiseuille, 255 

Poisoning of catalysts, 697, 705, 706 
Poilanyi , X-ray analysis, 301 
Polar bond, 161 
Polarimeter, 26 1 
Polarisation, 505, 512, 513, 656 
atomic, 740 
electron, 740 
of light, 259 ff. 
orientation, 740 
Polonium, 62 

Polymerisation, photochemical, 725 
Polymorphism, 309 ff. 

Polymorphs, energy content of, 310 
vapour pressure of, 310 
Pope, vapour pressure of carbonyl 
chloride, 233 
Positive electron, 107 
rays, 60 

Positive-ray analysis, 89 ff. 

Positron, 77, 107 

Potassium chloride, conductivity of 
solutions of, 513 
X-ray analysis of, 293 ff. 
Potential, decomposition, 656 
electrode, 642 ff. 
oxidation, 644 ff. 
reduction, 644 ff. 

PotenLiumetric titration, 656 
Powder method of X-ray analysis, 
300 

Precipitation of barium sulphate, 661 
of hydroxides, 582 
of sulphides, 581 

Pressure, effect of, on equilibrium, 345 
on solubility, 450 

Principal quantum number, 128 ff. 
series, 120 

Pringaheim , specific heat, 196 
Probability and atomic structure, 144 
Product, solubility, 678 ff. 
applications of, 578 ff. 
determination of, 548 
validity of, 682 
Promoters, 706 


Propionaldehyde, thermal decomposi- 
tion of, 356 

Protection of colloids, 666, 686 
Proteins, molecular weights of, 674 
Proton, 76 

Proust , law of constant proportions, 3 
Prout’s hypothesis, 7, 88, 95 
Prussian blue, colloidal, 670 
Pseudo-acids, 267 
Pseudo-unimolecular reactions, 357 
Pulfrich refractometer, 266 
Punch , action of bromine on hexa- 
hydLrobenzene, 724 


Quantttm efficiency, 721 
number, 117, 128 
vibrational, 735 
theory, 1 1 1 ff . 

and structure of the atom, 115 ff. 
application of, to photochemis- 
try, 714 

Quartz, optical activity of, 262 
Quinhydrone electrode, 553 
Quinone, structural formula, 250 


Racemic mixture, 262 
Radiation, biaek-body. 111 

theory of unimolecular reactions, 
372 ff. 

Radiations, wavelengths of, 1 12 
Radioactive disintegration, 80 
indie ators, 442, 443 
Radioactivity, 62 ff. 

artificial, 106 
Radium, 62 

Rae, basicity of periodic acid, 688 
Raman spectra, 547, 675, 736 
Ramie fibre, 304 

liammeteherg, atomic weight of van- 
adium, 2b 

Ramsay , Rrownian movement, 677 
determination of partial pressures, 
406 

Ramsay and Shields’ equation, 247, 
248, 270, 271 

Ramsay and Young’s method for 
determining vapour pressure. 
233 

rule, 272 

Raouli , depression of freezing point, 
495 

law of vapour pressure lowering, 
470 

and elevation of boiling point, 
487 

derivation of, 478 
Rare earths, 133, 135 
Rost, depression of freezing point, 496 
Rationality of intercepts, law of, 285 
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Rayleigh manometer, 483 
Raya, alpha, 63, 64 
beta, 63, 66 
canal, 60 
cathode, 65 ff. 
gamma, 63, 67 
positive, 60 
X , 60 

Reaction, heat of, 608 
order of, 354 
velocity of, 339 
Reactions, chain, 727 ff. 

Recalescence, 316 
Reciprocal proportions, law of, 6 
Recoil atoms, 67 
Recrystallisation, 458 
Red phosphorus, 325 
Reduced Phase Rule, 391 ff. 
pressure, 224 
temperature, 224 
volume, 224 

Reduction, electrolytic, 657 
potential, 644 ff. 

Reflection law, Fresnel’s, 711 
Refraction, double, 260 
Refractive index and dielectrio con- 
stant. 738 
Refractivity, 264 ff. 

and constitution, 265 ff. 
Refractometer, Pulfrich, 265 
Regnault, experiment on Boyle’s Law, 
205 

method for gas density, 18 
specific heats, 193 
Reiche, molecular beam, 743 
Reicher , transition point of sulphur, 
317 

Relativity correction, 2. 

Relaxation time, 640 
Reserve acidity and alkalinity, 568 
Residual charges, 749 
Resistance, specific, 511 
Resonance, quantum -mechanical, 175 
optical, 720 

Reversible processes, 624 ff. 
efficiency of, 626 ff. 
reactions, 339, 340 
r R values, 647 
Rhombic sulphur, 323 
Richards , platinised asbestos, 305 
supersonic waves, 729 
Richardson , solubility of oxygen, 417 
Richter, law of reciprocal propor- 
tions, 6 

Rinne , rotating crystal, 301 
Robertson, J. AT., X-ray analysis, 304 
Rock-salt, X-ray analysis, 293 ff. 
Rodger , absolute magnetic rotation of 
water, 264 

Rodger , molecular viscosity, 258 
Rooeebootn, phase rule, 382 
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Roscoe, atomic freight of vanadium, 
25 

solubility of gases, 410 
Row Kane , strengths of acids, 597 
Rothmund , phenol -water system, 429 
triethylamino- water system, 430 
Rotating crystal method of X-ray 
analysis, 301 

Rotation, magnetic, 202 ff. 

of plane of polarisation of light, 
259 ff. 

spectrum, 734 
vibration spectrum, 735 
Rubber, A' -ray examination, 303, 304 
Rubens, infra-red spectra, 548 
Rubidium doublets in diffuse series, 
122 

Rutherford , atomic transmutation, 
102, 103 

nature of a-rays, 64 
nuclear theory of the atom, 75 
nucleus, 139 

Rutherford and Geiger, Avogadro's 
number, 202 

Rulhn ford and Roy ds, a-rays, 66 
Rydberg’s formula, 120 


S series, 131 

St. Gilles, chemical equilibrium, 341 
Salt hydrates, dissociation of, 362 
equilibrium of, 394 
transition points of, 654 
Salts, complex, 002 
double, 602 
hydrolysis of, 559 ff. 

Sanger, variation of dielectric con- 
stant with temperature, 742 
Saturation capacity, 149 
Sawyer, hydration of hydrogen ion, 
594 

Scarlet phosphorus, 325 
Srhade, Tyndall effect, 675 
Sciieel , specific heats, 193 
Scherrer , powder method of X-ray 
analysis, 300 

Schiebold, rotating crystal method, 
301 

Schdnbein, catalysis, 698 
Schdnttes, 603 

Schrddinger, wavo-mechanics, 139 ff. 
Schulte, coagulation of colloids, 684, 
685 

Schweigger, catalysis, 698 
Schwerzer, 696 

Scott, composition of water by 
volume, 41 

reaction between hydrogen per- 
oxide and hydriodio acid, 368 
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Second law of thermodynamics, 310, 
626 

subordinate series, 120 
Secondary radiation, 67 
Sedimentation, 672 ff. 

Selenium atomic weight of, 28 
cell, 720 

Selmi , colloidal sulphur, 660 
Semi -permeable membranes, 467, 468 
Semi -permeability, theory of, 473 
Semi-polar bond, 163 ff., 253 
Sensitisation, 711, 725 
of photographic plate, 726 
Sensitised fluorescence, 721 
Sequence, spectral, 120 
Series, eloctronegative, 643 
spectral, 120 

Shape of colloidal particles, 676 
Sharing electrons, mechanism of, 171 
Sharp series, 120 
Shiba, 73 

Side reactions, 367 
Sidgwick , covalent link, 739 
dipole moments of linkages, 748 
laws of electrolysis, 53 
moments of aliphatic and aromatic 
bodies, 751 
residual charges, 749 
Siedentopf, ultra-microscope, 675 
Siegbahn, X-ray grating spectro- 
graph, 301 
Silica gel, 669, 687 
sol, 669 

Silical hydroxide, 730 
Silver colloidal, 666 
iodide sol, 667 
nitrate, solubility of, 446 
sols, Carey Lea, 687 
Singlet linkages, 170 
SmekcU, lattice blocks, 283 
Raman spectra, 736 
Smith , 7). F., racemisation of pinene, 
356 

Smith , •/. W r ., intensive drying, 332, 
333 

Smith and Menzies, vapour pressure, 

234 

Smite, theory of allotropy, 330, 332 
Soap, 663 

Sobrero , colloidal sulphur, 660 
Sodium, atomic model of, 83 
chloride. X-ray analysis of, 293 ff. 
doublets in sharp series, 122 
hydroxide, electrolysis of, 510 
sulphate, solubility curve, 320, 444, 
445 

Sol, 660, 662 
irreversible, 662 
lyophilic, 662 
Sol, lyophobic, 662 
Solids, characteristics of, 279 


Solids, solution of, in liquids, 439 ff. 

in solids, 393, 459 ff. 

Solid solutions, 393, 459 ff. 

freezing point curves of, 460 
of gas in solid, 422 
Solidus, 459 

Solubility and heat of solution, 444 
curve, 444 

determination of, 441, 442 
effect of particle size on, 450 
effect of pressure on, 450 
method for complex ions, 604 
of gas, and its nature, 411 
of gases, effect of temperature on, 
414 

determination of, 409 
in liquids, 408 
of vapours in gases, 407 
product, determination of, 648 
validity, 582 
Solution, colloidal, 659 
definition of, 405 
Solutions, 405 ff. 

collodial, preparation of, 665 ff. 
dilute, 466 ff. 
non-aqueous, 530 ff. 
of gases in gases, 405 ff. 
in liquids, 408 ff. 
in salt solutions, 412 ff. 
in solids, 421 ff. 
of liquids in liquids, 428 ff. 
of solids in liquids, 439 ff. 

in solids, 459 ff. 
perfect, 466 

Solvent, effect on properties of 
solute, 598, 599 
Solvents, ionising, 275 
Somatoids, 676 

Sommerfeld, electron orbits, 128 
Sorption, 691 

Sound, velocity of, in a gas, 197 ft*, 
waves, effect on chemical reactions, 
729 

Space lattice, 286 

Spangenburg , growth of crystals, 283 
Specific conductance, 612, 516 
heats of gases, 188 ff. 

at constant pressure, 192 ff. 

volume, 194 ff. 
ratio of, 190ff. 
of solids, 306 
refractive index, 265 
refractivity, 265 
resistance, 511 
rotatory power, 261 
Spectra, general theory of, 126 ff. 
Spectrograph, X-ray, 300 
grating, 301 

Spectrometer, X-ray, 293 
Spectrophotometer, HUger, 268, 269 
Spekker, 269 
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Spectrum, 112, 113 
absorption, 115, 533, 713 
band, 733 
excitation of, 733 
infra-red, 734 
molecular, 733 
Raman, 675, 736 
rotation, 734 
rotation-vibration, 735 
Spekkor spectrophotometer, 268 
Spinthariscope. 65, 202 
Stalagmometer, 245 
Stannic acid, colloidal, 663 
Starch, hydrolysis of, 696 
Stas, atomic weight determination, 9 
verification of law of constant pro- 
portions, 4 

Steam calorimeter, 194 
distillation, 436, 437 
Stereochemistry, 170 
Stereoisomerism, 750 
Stern , molecular beam, 743 
photochemical decomposition of 
halogen acids, 723 

Stewart , illustration of polarisation 
261 

Stock , boron hydrides, 170 
Stokes , fluorescence, 720 
Law, 68, 672 
Stoney, electron, 53 
Strengths of acids, 588 ff., 697 
Strong electrolytes, 509 
anomaly of, 544 
Structure of molecules, 733 ft'. 
Sublimation, 336 

Substitution in the benzene ring, 751 
Successive reactions, law of, 325, 330 
Suecinyl chloride, structure of, 251 
Sugden , effect of temperature on 
surface tension, 246, 247 
parachor, 249 ff. 
singlet linkages, 739 
zero volumes, 254 
Sulphides, precipitation of, 581 
solubility of, 579 ff. 

Sulphur, allotropy of, 312 ff., 314 ff. 
colloidal, 667 
liquid, 323, 324 
monoclinic, 323 
nacreous, 323 
plastic, 324 
rhombic, 323 
tabular, 323 
transition point, 639 
dioxide, solubility of, in sulphuric 
acid, 413 

hexafluoride, structure of, 254 
system, application of the Phase 
Rule, 388 ff. 

Sulphuric acid, ohemical behaviour 
of, 598 


Sulphnrio acid, contact process, 701 
electrolysis of, 509 
manufacture of, 696, 697 
Sulphuryl chloride, decomposition of, 
357 

Summation, law of heat, 612 
Super-conductivity, 535 
Super- cooling, 284, 328 
Super -saturation, 449 
Supersonic radiation, 729 
Surface tension, 243 ff. 
determination of, 244 
effect of temperature on, 246 ff. 
Suspended transformation, 328, 449 
Sutherland, complete dissociation, 545 
Sutton , benzene substitution, 751 
Svedberg , are method for colloids, 670 
ultra-centrifuge, 672 ff. 
Swiebtoslawski , elevation of boiling 
point, 490 

Sylvine, X-ray analysis of, 293 ff. 
Symmetry, axis of, 287 
centre of, 287 
elements of, 286 


Tabular sulphur, 323 
Tammann , crystallisation, 282, 283 
process of solution, 439 
Taylor , H. adsorption, 704 

chain reactions, 727 
Taylor , hydration of hydrogen ion, 
594 

Temperature and conductivity, 519 
coefficient of reactions, 368, 369 
effect of, on equilibrium, 349 
on metallic conduction, 536 
on solubility of gases, 414 
Tensimeter, 319 
glass -spring, 37 
Tcrmolecular reactions, 363 
Tetra-ethylammonium iodide, disso- 
ciation of, 532 
Tetragonal system, 289 
Tetratomic molecules, structure of, 
747 

Thallium, equivalent of, 11 
valency of, 167 

Thenard, decomposition of hydrogen 
peroxide, 696 

Theorem of Le Chatelier and Braun. 
See Le Chatelier. 

Thermal and electrical conductivity, 
534 

Thermochemistry, 608 ff. 
Thermodynamics, first law of, 612, 
623 

second law of, 310, 626 
Thibaud, X-ray grating spectro- 
graph, 801 
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Thiele , partial valency, 152 
Thilorier , liquefaction of gases, 227 
Thomson, O. /*., diffraction of elec- 
trons, 305 

Thomson, Sir J. J., active nitrogen, 
326 

charge on the electron, 69 
parabola method of positive ray 
analysis, 88, 89 

theory of structure of atom, 73 
valency, 158 

vector addition of dipole moments, 
746 

Thorium series, 79, 80 

Thorpe , molecular viscosity, 258 

Three component systems, 396 ff. 

graphical representation of, 396 
Tie-lines, 398, 430 
Tin, allotropy of, 311, 327 
grey, 327 
white, 327 

Titrations, electrometric, 577, 656 
Tolman , centrifuging ions, 509 
specific heats of solids, 306, 307 
Tonality, heat, 608 
Topley, decomposition of phosphine, 
356 

Townsend, charge on cathode particle, 
68 

diffusion of ions, 70 
Transformation, isomeric, 724 
suspended, 328, 449 
Transition elements, 133 ff. 
colour of, 167 
magnetism of, 168 
valency of, 166 
point, 311 

determination of, 314 ff., 403 
of liquid crystals, 281 
of salt hydrates. 664 
of tin, determination of, 654 
resemblances to melting point, 
32! 

Transmutation, atomic, 101 ff. 
Transport numbers, 620 ff. 

determination of, 522 ff., 652 
from e.m.f. measurements, 
529, 530 

of alkali metal ions, 528 
Traube, molecular sieve theory, 473 
osmotic pressure, 468 
solution, 283 

Trouts, chemiluminescence, 730 
Travers, 19 
Triads, law of, 28 

Triatomic rqolecules, structure of, 747 
Triclinic system, 289 
Triethylamine-water system, 430 
Trigonal system, 289 
Triple bond, 151, 162 
point, 386 


Troost, occlusion of hydrogen by 
palladium, 426 
Trouton’e rule, 272 
Tsakalotos, nicotine-water system, 
431 

Two component systems, 391 
Tyndall effect, 675 
Types, theory of, 148 ff. 


Ultra-centrifuge, Svedberg, 678 
Ultra-microscope, 283, 675 
Ultra- rad ition, 106 
Unimolecular reactions, 354 
theory of, 372 flf. 

Unit coll, 286 
Units, electrical, 57 
heat, 188 

Unsaturation, 150, 151, 152 
Uranium, 63 
series, 78, 80 
Uranyl sulphate, 724 
Urey, Drickwedde, and Murphy , 
hydrogen isotope, 101 


Valency, 146 ff. 
and periodic table, 157 
determination, 23 ff., 649 
electronic theory of, 157 flf. 

Vonadic acid, colloidal, 668 
Vanadium, atomic weight of, 25 
Van der Weals’ a factor, 229 
equation, 207, 208 

and critical phenomena, 221 
for effect of temperature on 
surface tension, 246, 247, 254 
Van't Hoff, dilution law, 543 
equation, 558 
equilibrium box, 635 ff. v 
% factor, 499, 500, 507, 517, 518 
isochore, 640 
isotherm, 636, 647 
osmotic pressure, 471 
Phase Rule, 382 
tetrahedral carbon atom, 148 
Vapour density, determination by 
Dumas, 34 
Hofmann, 35, 36 
Lumsden, 32 
Tensimeter, 37 
Victor Meyer, 23, 30, 31 
pressure, 231 flf. 

determination of, 232 flf., 482 flf. 
Cu mining, 486 
Dieterici,482 ■ 

Frazer and Lovelace, 483 
Manziea, 485 
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V»p »ur pressure, determination of, 
Ostwald and Walker, 483 
static method, 482 
Will and Brodig, 485 
lowering, 470 
of crystals, 330 
of polymorphs, 310 
of solutions of liquids ill 
liquids, 432 ff. 

Vapours, solubility of, in gases, 407 
X-ray interference of, 736 
Vauquelin, liquefaction of ammonia, 
226 

Velocities, molecular, 1 S7 
Velocity constant, 342 ff. 

• >f ions, absolute, 520 ff. 
of reaction, 339, 354 
of transformation from metastable 
to stable form, 328 
Verdot’s constant, 263 
Vibrational quantum number, 735 
Victor Meyer , vapour density, 31 
Viscometer, Ostwald, 257 
Viscosity, 254 If. 

and conductivity, 519 
and constitution, 257, 258 
coefficient of a gas, 200 
determination of, 255 ff. 
molecular, 258 

J ogel, verification of ICohlrausclTs 
equation, 544 
Volatilisation, boat of, 336 
Volrner , photochemical decomposition 
of halogen acids, 723 
Volta, 505 
Voltaic cell, 52 
Volumeter, 19 
von Babo . Soo BaJbo , von. 

‘■on lialban. See Halban , von. 
von M arum. 8 ee M arum, von. 
von Weimam. See Weimarn. von. 

V or lander, liquid crystals, 281 


l Vaage, law of mass action, 341 
Walden, non-aqueous solutions, 530 
solubility and dielectric constant, 
440 

Walker, dilution law, 542 
dynamic method for vapour pres- 
sure, 484 

Wall reactions, 356 
Walton and Cockcroft, atomic dis- 
integration, 102 

Warburg, maleic -furaaric isomerism, 
724 

photochemical decomposition of 
halogen acids, 723 
poisoning of catalysts, 707 
Washburn, hydration of hydrogen 
ion, 594 


toi 

Washburn and Bates, dete rm ina t i on 
of the Faraday, 53 

Washburn and Urey, hydrogen iso- 
tope, 99 

Water, association of, 163, 271 
catalytic effect of, 700 
comp isition of, 37 ff. 
conduct i v ity .515 
equivalent of calorimeter, 611 
ionic product of, 557, 641 
ionisation of, 555 IT. 
of crystallisation, molecular volume 
ofi 239 

system, Phase Rule examination of, 
385 ff. 

Watson, absolute magnetic rotation 
of water, 265 

Wave-mechanics, 139, 304 
Wave-number, 117 
Weigcrt, anthracene polymerisation, 
725 

methy lan ihraccne polymerisation, 
725 

Weimarn, von, 601, 668, 687 
colloidal gold, 666 
Wenzel , tt. 341 

Weissenbcrg, configuration of CA 4 
molocblo, 744, 745 

Werner , co-ordination compounds, 
153 

Wheatstone’s bridge, 512 
Whotham’s experiment, 528 
White phosphorus, 325 
tin. 327 

Whole-number rule, 94, 95 
WhytlaW'Qray and Wood head, deter- 
mination of atomic weights, 22 
Wiedemann , magnetic rotation, 263 
motallic conduction. 534 
Wien, acceleration of positive rays, 
104 

Wiener, Brownian movement, 677 
Wierl , electron -ray interference, 737 
Wijs, ionic product for water, 558 
Wilhelmy, rate of reaction, 341 
Will, vapour pressure, 485 
Williamson, theory of types, 145 
Willstdtter, adsorption, 704 
Wilson, C . T. B„ cloud chamber, 66 
Wilson, II. A charge on the electron, 
70 

Wilt, theory of colour, 714 
W6hler, benzoyl radical, 144 
emutain, 697 * 

Wollaston, valency, 148 
Woodhead and Whytlaw-Gray, deter- 
mination of atomic weights, 22 
Work and chemical reactions, 626 
Wright, non-aqueous solutions, 632 
solution of vapours in gases, 406 
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blewsky, liquefaction of gases, 
229 

Wullner, lowering of vapour pressure, 
476 


,-Y -bat analysis, results of, 302 
grating spectrograph, 301 
method of determiningstnicture of 
crystals, 288 £f. 

method of determining structure of 
molecules, 736 
powder spectroscopy, 300 
spectra of the dements, 34 
spectrograph, 300 
spec trometer, 293 
, X-rays, 00 


X-rays, determination pf wavelength 
of, 295 1 

photochemical action of, 729 

Yellow antimony, 327 

Zero volumes, 254, 255 
Zinc-cadmium alloys, 391 ff. 
Zirconium, atomic weight of, 28 
Zosimus, 696 
Zsigmondy , 668 

<;oagu]ation of colloids, ('84 
colloidal gold, 666 
gold number, 680 
ultra-microscope*, 675 
Zwitter ions. 601, <502 
Zymase, 701 










